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Understanding the spatial and temporal regulation of proteins is one of the 
key challenges in studying complex cellular processes in many cell types. 
In this study, I established a protein targeting strategy based on the Gab-
GFP binding affinity, which preferentially allowed spatial manipulation of 
proteins that are fused to GFP. Synthetic protein targeting approach was 
applied to investigate two essential cellular events during the fission yeast 
cell cycle, i.e., cytokinesis and mitotic entry. 
 
Like many higher eukaryotes, the fission yeast cells utilize a contractile 
actomyosin ring for cell division. The Gab-GFP based protein targeting 
approach synthetically rewired medial cell division in cells lacking Mid1p, 
a protein thought to be key for medial actomyosin ring assembly in fission 
yeast. By individually targeting the IQGAP-related Rng2p, formin-Cdc12p 
and type II myosin-Myo2p to the medial cortex, the requirement for 
Mid1p in organizing cytokinetic nodes for actomyosin ring assembly was 
bypassed. This result also suggests that the order of assembly of ring 
proteins at the division site is not essential for medial contractile ring 
assembly. I further characterized ring assembly in the rewired cells in 
which Rng2p, Cdc12p and Myo2p were precociously targeted to medial 
nodes, and came to several important conclusions. A delay in ring 
assembly was observed in the rewired cells and possible explanations were 
explored. In addition, unlike wild-type cells, these cells do not actively 
! ix!
track the position of the nucleus for ring assembly and cell division. These 
studies suggest that Mid1p performs multiple functions pertaining to 
cytokinesis – 1) marking the medial cortex for cell division, 2) promoting 
timely assembly of actomyosin ring in metaphase and 3) dynamically 
aligning the position of the actomyosin ring to that of the nucleus. 
 
In a parallel study, the Gab-GFP based protein targeting approach was 
used to manipulate the spatial localization of the serine/threonine kinase 
Cdr2p and the DYRK family Pom1p. Mistargeting Cdr2p to nonmedial 
subcellular locations or targeting Pom1p to the medial region both led to a 
prolonged G2 phase. These events were reversed by either depleting the 
protein phosphatase Clp1p or mutating pom1 to a kinase-dead form pom1-
2. These data provide direct evidence supporting that Cdr2p functions as a 
read-out for cell size expansion, consistent with models proposed in 
previous work (Martin and Berthelot-Grosjean, 2009; Moseley et al., 
2009). My work also reveals the complicity of multiple inputs in 
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Chapter I Introduction 
 
In both prokaryotic and eukaryotic cells, a defined cellular event often 
happens at a specific subcellular location within or outside the cell. After 
proper modification and folding, a protein is transported to such 
subcellular location so as to interact with its binding partner(s) and fulfil 
its role in a cellular event. Understanding how protein subcellular 
localization is temporally and spatially regulated is a fundamental question 
in cell biology. Interrupting protein localization or synthetically guiding 
protein localization is a powerful strategy to understand protein function. 
  
Currently, two major strategies are employed for protein targeting by cell 
biologist. For some proteins, signal peptides are encoded in their 
sequences, which directly serve as cues for their subcellular localization. 
For instance, many proteins residing in the nucleus have the Nuclear 
Localization Sequence (NLS), typically consisting of one or more short 
sequences of positively charged lysines or arginines. The first NLS to be 
identified was the sequence PKKKRKV in the SV40 Large T-antigen 
(Kalderon et al., 1984). By contrast, a Nuclear Export Sequence (NES) is a 
short amino acid sequence of 4 hydrophobic residues in a protein that has 
the opposite effect of a NLS, i.e., guiding the export of a protein from the 
cell nucleus to the cytoplasm (la Cour et al., 2004). Another large group of 
signal peptides are present at the N-terminus of newly synthesized proteins 
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that are destined towards the secretory pathway (Blobel and Dobberstein, 
1975). Some of these proteins are transported to certain organelles such as 
the endoplasmic membranes, or secreted from the cell. Such signal 
peptides are widely applied in studies where protein targeting is required. 
In a recent study, researchers found that manipulations (insertions and 
deletions) of NLS and NES for a protein called Wee1p altered its 
accumulation levels on the spindle pole body, which in turn affected its 
function in regulating mitotic entry in the fission yeast 
Schizosaccharomyces pombe (S. pombe) (Masuda et al., 2011). 
 
Unfortunately, signal peptides are only available for protein targeting to a 
limited number of subcellular locations such as the nucleus, the 
endoplasmic reticulum and the plasma membrane. In fact, many other 
proteins are delivered to their subcellular locations via protein-protein 
interactions. Therefore, direct fusion of two proteins is often utilized for 
protein targeting when a signal peptide is not available for a specific 
location. During the establishment of polarized growth in pombe cells, the 
tip complex plays an essential role and is built up in a protein-protein 
interacting manner (Busch and Brunner, 2004; Busch et al., 2004). At first 
Tea1p and Tea2p are transported to the cell tips through microtubules 
(Sawin and Nurse, 1998). Tea1p / Tea2p stabilizes each other, and Tea1p 
subsequently recruits Tea3p and Tea4p, the latter of which directly binds 
to formin For3p (Arellano et al., 2002; Browning et al., 2000; Martin et al., 
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2005). These proteins together form clusters at the fission yeast cell ends 
and are called the tip complex. Although both Tea1p and Tea3p 
accumulate at cell tips, Dodgson et. al. found that they belong to spatially 
distinct node populations.This is evident by their analysis of the fusion of 
Tea1p and Tea3p, which resulted in lateral cortical mislocalization of both 
polarity factors, as well as in gross polarity defects (Dodgson et al., 2013). 
Thus, direct fusion of two proteins of interest, as a strategy for protein 
targeting, also provides important information on how proteins function at 
specific locations. 
 
The major drawback with direct protein fusion lies in the fact that fusion 
of two full-length proteins could lead to non-functionality of either or both 
proteins. Furthermore, fusing two full-length proteins together is often 
time consuming and is always case specific for different combinations. It 
would be extremely useful to develop a simple yet universal tool for 
protein targeting. The recent development of single domain antibodies, or 
VHHs, and their applications in cell biology reasearch make it feasible to 
develop such a tool. 
 
The Green Fluorescence Protein Antibody (Gab) is a single domain 
antibody that was first derived from Camelidae sp. by Leonhardt group, 
containing the epitope recognizing fragment of the heavy-chain GFP 
antibody (Rothbauer et al., 2006). Like many other VHHs, the 119 amino-
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acid Gab fragment was shown to bind with its antigen (GFP) with high 
affinity in both mammalian and plant cells (Rothbauer et al., 2006; 
Schornack et al., 2009). Thus, the Gab-GFP binding affinity can be 
utilized to mimic a signal peptide, where a Gab fused protein A could 
direct a GFP fused protein B to the subcellular location of protein A, or 
vice versa. 
 
In this study, Gab is engineered for protein targeting in fission yeast and 
applied in the study of two essential cellular events that require delicate 
spatial and temporal regulation of multiple proteins, i.e., cytokinesis and 
mitotic entry. The following sections will present current knowledge about 
1) VHHs as tools for multiple purposes in biological sciences, 2) cell cycle 
regulation and cell size sensing in S. pombe, 3) mechanisms involved in S. 
pombe cytokinesis, with a focus on division site positioning. 
 
1.1 Gab in cell biology studies  !
One of the key challenges of biology in the new century is to develop an 
extensive toolbox for selective probing, isolation and characterization of 
proteins at specific subcellular locations. The evolutionary discovery and 
application of fluorescent proteins have advanced cell biology and 
biochemistry by providing easy tags to visualize proteins localizations and 
dynamics in vivo (Tsien, 2009). In parallel, a wide range of selective and 
! 5!
tight binding partners to various protein targets have been developed and 
collectively emerged as protein scaffold libraries (Skerra, 2007). One such 
development is the serendipitous discovery of single domain antibodies 
that display simpler selection and improved stability (Muyldermans et al., 
2009). 
 
Since the first discovery of bona fide heavy-chain antibodies from 
Camelus dromedarius made two decades ago (Hamers-Casterman et al., 
1993), various single-domain antigen-binding fragments, also known as 
VHHs or nanobodies, have received tremendous interest. With their stable 
recombinant entities, these fragments are broadly applied in multiple fields 
including fundamental bioresearch, diagnostics and therapeutics (De 
Meyer et al., 2014). Gab, the single-domain antibody against the Green 
Fluorescent Protein is one such example and has a great potential in broad 
biological studies, as GFP is already extensively tagged endogenously to 
various proteins in many model organisms. Here, I briefly review the 
novel implementations of Gab as a tool for basic research. 
 
Gab, or GBP (GFP Binding Protein), is fused to red fluorescent proteins 
such as RFP and is termed nanobody or chromobody. Gab is highly stable, 
and folds into functional antigen-binding conformation even in the 
cytoplasm of different types of living cells. In the first instance, Gab-RFP 
was expressed in HeLa cells and was able to trace in vivo GFP fused 
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proteins that localized to cytoplasmic or nuclear locations (Rothbauer et 
al., 2006; Schornack et al., 2009). Subsequent studies have utilized 
nanobody for various purposes, such as isolation and redirection of GFP 
fusions to alternative cellular locations (Rothbauer et al., 2008), and 
alteration of plant phenotypes by trapping GFP fused proteins (Schornack 
et al., 2009). Other nanobodies were made to directly visualize native 
proteins (Zolghadr et al., 2012) as well as human immunodeficiency virus 
(HIV) (Helma et al., 2012) in living cells.  
 
Gab has also been applied in super-resolution microscopy to visualize GFP 
fused proteins in recent studies. Conventionally, full-length antibodies are 
coupled to organic dyes as primary antibodies, which may induce linkage 
errors due to a distance between the localization of the protein and the 
organic dye. Owing to the smaller size of Gab, coupling the dye to Gab 
results in improved labeling with minimal linkage error (Ries et al., 2012). 
Likewise, Gab coupled with gold nanoparticle is used to track GFP fused 
membrane proteins and even allows internalization by electroporation to 
track intracellular molecules in vivo (Leduc et al., 2013). 
 
Another group developed a Gab-based fluorescent-three-hybrid approach 
to study protein-protein interactions in vivo (Herce et al., 2013). In the first 
step, Gab is fixed at a specific subcellular compartment by fusing to an 
anchoring protein, while two proteins of interest are each fused to either 
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RFP or GFP. Upon interaction, both proteins form a cluster with a strong 
RFP-GFP colocalization signal at the location of the Gab fused anchoring 
protein. This approach was successfully applied in human cells for 
identification and analysis of peptides that inhibit protein-protein 
interactions.  
 
The molecular details including the high affinity and high specificity of 
Gab-GFP complex have been revealed by Kubala et al. using X-ray 
crystallography and isothermal titration calorimetry (Kubala et al., 2010). 
Through these analyses, they determined the possible routes to redirect the 
specificity for GFP to a variant of a closely related fluorescent protein, 
CFP, thereby expanding the toolbox of fluorescent probes that can be 
genetically encoded and are detectable by Gab. 
 
Taken together, Gab has been widely implemented as a tool for labeling, 
protein functional disruption and high-resolution imaging in cell biology 
research. I aim to utilize Gab for protein targeting in vivo in S. pombe 
cells.  
 
1.2 S. pombe Cell Cycle and G2/M transition !
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1.2.1 S. pombe as a model organism 
The fission yeast Schizosaccharomyces pombe is a rod-shaped (12-15 µm 
in length and 3-4 µm in diameter) unicecllular eukaryote that undergoes 
polarized growth and divides by fission in the middle. It has emerged in 
recent decades as an attractive model organism for the study of many 
fundamental biological questions due to several important factors, 
including its short and well characterized cell cycle, fairly large cell size 
convenient for imaging and other cytological analyses, fully sequenced 
and annotated genome (Wood et al., 2002) and the ease of molecular and 
genetic manipulations. Though a seemingly simple cylindrical shape, a S. 
pombe cell undergoes three major morphological transitions in its short 
haploid vegetative cell cycle. A newly born cell (6-8 µm in length) 
initiates immediate growth in a monopolar fashion at its "old end" that 
existed in the previous cell cycle. When the cell achieves a sufficient size 
(9.0-9.5 µm in length), it undergoes a process termed New-End-Take-Off 
(NETO) and transitions to a bipolar growth fashion (Mitchison and Nurse, 
1985). Finally, when the cell reaches a constant length of 13-14 µm in G2 
phase, elongation at the cell tips ceases and the cell enters mitosis followed 
by cytokinesis which eventually separates the cell into two daughter cells 
(Mitchison and Nurse, 1985).  
 
Similar to animal cells, S. pombe utilizes filamentious actin (F-actin) and 
microtubules for growth and proliferation (Hagan and Hyams, 1988; 
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Marks et al., 1986). F-actin is required to estabilsh cell polarity, to target 
membrane tracfficking at the cell tips, and is essential for the assembly of 
the division machinery. Microtubules are also involved in establishing cell 
polarity and are key to chromosome segregation during mitosis. Although 
S. pombe undergoes “closed” mitosis whereby the nuclear envelope 
remains intact throughout division, the mechanisms of chromosome 
condensation and segregation are similar to that of higher eukaryotic cells.  
 
The processes of morphogenesis, growth and proliferation are tightly 
linked to the specification of polarity sites in fission yeast as well as a 
variety of organisms (Dettmer and Friml, 2011; Macara and Mili, 2008; 
Royer and Lu, 2011; Sabherwal and Papalopulu, 2012). The specification 
of cell tips in S. pombe is regulated by multipile molecular pathways and 
complexes. Briefly, components of the TIP complex (Tip1p, Mal3p and 
Tea2p) are delivered to cell tips through microtubules (Busch and Brunner, 
2004; Busch et al., 2004), and are responsible for the recruitment of 
Tea1p, a key polarity factor (Brunner and Nurse, 2000). Tea1p and other 
Tea proteins are parts of a large complex termed polarisome, which also 
recruits the interphase actin nucleator, formin For3p (Brunner and Nurse, 
2000; Feierbach et al., 2004) and the dual-specificity tyrosine-
phosphorylation-regulated kinase (DYRK) Pom1p at the cell tips (Bahler 
and Nurse, 2001; Bahler and Pringle, 1998). Cells deficient in TIP 
complex, polarisome or pom1 form aberrant shapes such as T-shape or 
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bent shape (Martin and Chang, 2005; Mata and Nurse, 1997; Verde et al., 
1995), and fail to initiate NETO (Bahler and Pringle, 1998; Tatebe et al., 
2005). The polarisome is also responsible for the regulation of Cdc42p, a 
highly conserved Rho-family GTPase. Cdc42p has well characterized roles 
in a number of cellular processes including cell morphogenesis, cell 
adhesion, secretion, migration and cytokinesis (Etienne-Manneville, 2004; 
Iden and Collard, 2008). 
 
The polarized and periodic cell growth in S. pombe is linked with the 
progression of cell cycle. Lessons learnt from yeast cell cycle have shed 
light on a universal mechanism of Cyclin-dependent-kinase (CDK) based 
cell cycle regulation in all eukaryotes. The following section will review 
the regulation of S. pombe cell cycle with a focus on mitotic transition. 
 
1.2.2 S. pombe cell cycle and mitotic entry 
1.2.2.1 The division cell cycle 
As the basic structural and functional unit of all living orgnaisms, the cell 
carries all information within its compartment that is central to life. A cell 
reprodues through a series of sequential events, collectively termed the cell 
cycle which eventually results in two daughter cells. Some of the most 
important events during the eukaryotic cell cycle are chromosome 
replication occuring in S-phase and segregation of the two copies of 
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chromosomes during M-phase or mitosis (Nurse, 2002). The phase 
preceding S-phase (G1-phase), the phase after S-phase (G2-phase), and S-
phase itself are together named interphase. M-phase or mitosis is further 
divided into prophase (or pre-metaphase), metaphse, anaphase (A and B) 
and telophase (or post-anaphase). 
 
Interphase is the period of cell growth and DNA duplication. During S. 
pombe S-phase, DNA is duplicated and so is the spindle pole body (SPB, 
equivalent to the centrosome in higher eukaryotes). Once DNA synthesis 
is completed and the cell grows to a sufficient size in G2-phase, the cell 
enters mitosis, during which the duplicated chromosmes are condensed 
and aligned at the cell equator by a bipolar mitotic spindle consisting of 
microtubules and associated proteins. During anaphase, the mitotic spindle 
elongates and orients the chromosomes towards opposite poles of the cell. 
The physical separation of the cell compartment is executed by a process 
termed cytokinesis, which will be reviewed in detail in chapter 1.3. 
 
1.2.2.2 Mitotic entry 
A series of classical genetic screen and mutant analyses in the fission yeast 
by Paul Nurse and colleagues in the 1970s have identified “wee” (small in 
Scottish) mutants that divide at abnormally small size. Subsequent work 
done by Paul et al have led to the discoveries of Cdc2p th
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activator both for the onset of S-phase and mitosis, as well as Wee1p that 
negatively regulates mitotic transition (Fantes and Nurse, 1977; Fantes and 
Nurse, 1978; Nurse, 1975; Nurse and Bissett, 1981; Nurse and Thuriaux, 
1980; Nurse et al., 1976). These findings, complemented by studies from 
several other model organisms including budding yeast, frog, starfish, sea 
urchin and human cells (Beach et al., 1982; Labbe et al., 1989; Labbe et 
al., 1988; Lee and Nurse, 1987; Lohka et al., 1988; Moreno et al., 1989; 
Pines and Hunt, 1987), have formed the picture of a conserved machinery 
that triggers mitosis, i.e., the cyclin/CDK (cyclin-dependent kinase) 
complex. The activity  of CDKs (Cdc2p or Cdk1p in S. pombe) is 
regulated by the their associated cyclins subunit (for instance, Cdc13p in S. 
pombe). The mitotic cyclin/Cdk1p complex is inhibited by Wee1p which 
catalyzes the phosphorylation of Cdk1p at Tyrosine-15 residue in fission 
yeast and both Threonine-14 and Tyrosine-15 residues in higher 
eukaryotes (Gould and Nurse, 1989). To activate Cdk1p for transition to 
mitosis, the phosphates at these residues need to be removed by Cdc25p, a 
protein phosphatase that functions antagonistically to Wee1p (Russell and 
Nurse, 1986). Finally, the cyclin/Cdk1p complex targets a variety of 
substrates such as nuclear lamins, condensins and various mitotic spindle 
associated proteins, which are all important for mitotic and cytokinetic 
events (Enoch et al., 1991; Jiang et al., 1998; Kimura et al., 1998). 
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1.2.2.3 Cell size control and G2/M transition 
Although the types of cells in nature vary enormously in their sizes, 
ranging from the smallest Mycoplasma of 0.1 µm (Morowitz and 
Tourtellotte, 1962) to the giant Chaos (Amoeba) of up to 5 mm, the size 
within a specific cell type remains rather constant. The size of a cell 
imposes constraints on cellular functions and fitness. For example, as cells 
grow, the decreased surface area to volume ratio might make it difficult for 
the cell to absorb sufficient nutrient from the environment. Cell size ought 
to be controlled in order not to produce progressively large or small cells. 
How does a cell determine its optimal size? What aspects of “size” 
(volume, mass, surface area or synthetic capacity) are used as the ruler for 
cell size? How does a cell sense its size and utilize this information to 
coordinate cell growth and division? Which stage of cell cycle does the 
size-sensing machinery regulate? These fundamental questions have been 
explored for more than a century, but the underlying mechanisms are still 
poorly understood. 
 
The first notion of cell size control was made in the beginning of the 19th 
century, when Hertwig, Boveri and their collaborators observed the 
positive correlation between ploidy and cell size (Boveri, 1905; Hertwig, 
1903). Since then, the correlation of ploidy and cell size has been observed 
in a variety of cell types including yeast, flies, salamanders, plants and 
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mice (Dobzhansky, 1943; Fankhauser, 1945; Galitski et al., 1999; 
Kondorosi et al., 2000; Santamaria, 1983). The cytoplasmic content is the 
ultimate outcome of synthesis and degradation of intracellular 
macromolecules as well as the numbers of organelles, both of which are 
highly regulated by genetic expression as a direct function of chromosome 
copies. Among the organelles, the ribosomes play an essential role as they 
determine the production of proteins and largely contribute to the 
cytoplasm volume (Warner, 1999). 
 
The second major factor that affects cell size is perhaps nutrient 
availability in the environment. This cell size dependence on nutrition is 
best illustrated in yeasts, as both budding yeast and fission yeast are large 
in rich medium and small in poor medium (Fantes and Nurse, 1977; 
Johnston et al., 1979; LORINCZ and CARTER, 1979; Tyson et al., 1979). 
However, the mechanism of yeast cells resetting the size threshold to a 
lower point for division in poor medium is not clear. The target of 
Rapamycin (TOR) pathway might account for size control by nutrients 
because it displays opposing effects on protein synthesis and degradation 
(Dennis et al., 1999). In budding yeast, size control is mainly achieved at 
G1/S transition, which largely depends on the synthesis of a crucial cyclin, 
Cln3p (Zaragoza et al., 1998). TOR negatively regulates autophagy, a 
process of degrading ribosome and other cytoplasmic components upon 
starvation. Loss-of-function of TOR leads to arrest of budding yeast cells 
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in G1-phase (Barbet et al., 1996; Zheng et al., 1995).  Under poor 
nutritional conditions, TOR nitrogen-sensing pathway might serve to 
ensure the synthesis of sufficient Cln3p for G1/S transition and allow cells 
to divide at smaller size (Cardenas et al., 1999; Hardwick et al., 1999).  
 
However, the question remains how cells measure their size and regulate 
cell division accordingly. In the past two decades, many groups have 
focused on G2/M transition in fission yeast and have collectively made 
progress in understanding how S. pombe cells might sense their size and 
integrate that information with the transition from G2-phase to mitosis 
(Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009; Pan et al., 
2014). As discussed earlier, the master regulator of mitotic progression, 
Cdc2p, is positively regulated by Cdc25p and negatively regulated by 
Wee1p. Therefore, most investigations focused on the regulations of 
Cdc25p and Wee1p activity. 
 
Cdc25p is a dosage dependent activator of Cdc2p and the cytosolic 
concentration of Cdc25p increases as cells grow in G2-phase (MacNeill, 
1997). In cells arrested in G1-phase, the concentration of Cdc25p also 
increases, suggesting that the accumulation of Cdc25p is related to general 
synthetic activity (Kovelman and Russell, 1996), the regulation of which 
seems to involve cdc25 5’-UTR (Daga and Jimenez, 1999).  In addition, 
Cdc25p accumulates more rapidly than its mRNA, indicating it being a 
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translational sizer (Kovelman and Russell, 1996). Rupes et al. (Rupes et al., 
2001) showed that Cdc25p might be an effector of cell-size checkpoint at 
G2-phase. Other studies identified Plo1p and Clp1p as the upstream 
regulators of Cdc25p. While the Clp1p phosphatase controls mitotic 
transition through direct dephosphorylation of Cdc25p (Mishra et al., 2004; 
Trautmann et al., 2001), the Plo1p kinase promotes mitosis through 
multiple pathways. Plo1p localizes to the SPBs and this accumulation is 
responsive to stress signals from TOR signaling pathway, the MAPK 
(mitogen-activated protein kinase) pathway and the NIMA (never in 
mitosis gene A) kinase Fin1p (Petersen, 2009). However, Cdc25p is 
unlikely to be a direct cell size sensor and more experiments are needed to 
characterize potential sensors that measure cell size growth and coordinate 
with Cdc25p activity. 
 
On the other hand, research on Wee1p regulation has led to two interesting 
hypotheses regarding size sensing and G2/M transition. The DYRK family 
kinase Pom1p negatively regulates the serine/threonine kinase Cdr2p, 
which is an inhibitor of Wee1p, which in turn inhibits Cdc2p (Breeding et 
al., 1998; Russell and Nurse, 1987). Cells defective in pom1 and wee1 are 
abnormally short, whereas cells defective in cdr2 are abnormally long. 
While Pom1p localizes primarily at the cell tips with a decreasing gradient 
towards the cell center (Bahler and Pringle, 1998; Hachet et al., 2011; 
Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009; Padte et al., 
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2006; Saunders et al., 2012), Cdr2p localizes to medial cortex in the form 
of “nodes”, overlying the nucleus (Morrell et al., 2004a). Interestingly, 
Wee1p itself primarily localizes to the spindle pole body and nucleus (Alfa 
et al., 1990; Grallert et al., 2013; Masuda et al., 2011).  
 
In 2009, two independent groups proposed that a Pom1p gradient 
emanating from the cell tips serves as the ruler to sense change in cell 
length (Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009). This 
model postulates that as cells grow in length from the cell tips, Pom1p 
concentration decreases at the medial region, gradually removing its 
inhibition on Cdr2p. Once Cdr2p activity reaches a critical threshold, 
Cdc2p activity would increase to a level that is sufficient to drive mitotic 
entry. Mathematical modeling of this hypothesis was also carried out in 
subsequent studies (Tostevin, 2011; Vilela et al., 2010).  
 
Four years later, new evidences challenged this seemingly sound model. 
First, Wood and Nurse found that both size variability and size 
homeostasis were not affected by pom1 deletion, indicating that Pom1p is 
unlikely a direct sensor in cell size control (Wood and Nurse, 2013). More 
recently, Pan et al. showed that Pom1p concentration does not vary in the 
medial region as the cell grows bigger (Pan et al., 2014), making it 
unlikely that Pom1p gradient drives entry into mitosis. Moreover, they 
proposed that Cdr2p itself acts as a size-sensing molecule that probes the 
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surface area of the cell. In this model, Cdr2p overall concentration changes 
very little, but actively binds the cortical membrane all around the cell. 
Cortical Cdr2p moves rapidly on the membrane and transitions to 
associate with the medial nodal region. Both cortical and nodal Cdr2p can 
unbind and return to the cytoplasm, but the molecular system is constantly 
in a steady state. This model predicts a steady increase of Cdr2p node 
number and concentration at the medial region in accordance to the 
expansion of surface area, as opposed to growth in length or volume, 
which was supported by their analyses of fission yeast cells of different 
shapes. In addition, both groups (Pan et al., 2014; Wood and Nurse, 2013) 
pointed out that there is very likely a larger size-sensing mechanism, 
completely independent of Cdc2p-tyrosine-15 phosphorylation, that 
instructs cells when to divide.  
 
1.3 S. pombe Cytokinesis !
The cell division cycle is complete only when the segregated 
chromosomes and cytosolic contents are physically partitioned into two 
daughter cells. The process that governs this last step of cell division is 
termed cytokinesis. In most eukaryotic cells, cytokinesis is accomplished 
by a conserved process of assembly and constriction of an actomyosin-
based contractile ring. Constriction of the actomyosin ring drives 
membrane invagination for new membrane assembly at the division site 
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and in some cell types (such as yeasts) cell wall synthesis for the newly 
formed cells. Cytokinesis is temporally and spatially coordinated with 
mitosis to ensure genome stability. The molecular basis for cytokinesis is 
largely conserved across species and studies in fission yeast have revealed 
many conserved mechanisms for cytokinesis. 
 
1.3.1 Assembly of actomyosin ring in S. pombe 
1.3.1.1 The molecular basis for ring assembly 
As the name actomyosin ring suggests, actin and myosin are two major 
components of the contractile ring. Staining of S. pombe cells with 
phalloidin revealed the existence of F-actin ring in mitotic cells (Marks et 
al., 1986). Subsequent analysis of a tropomyosin mutant (cdc8-110) 
further suggested the requirement of F-actin for cytokinesis in fission yeast 
(Balasubramanian et al., 1992). Additional isolation and analyses of 
fission yeast mutants defective in cytokinesis identified more components 
of the actomyosin ring in the 1990s (Balasubramanian et al., 1998; Chang 
et al., 1996). 
 
According to the current understanding, actomyosin ring components 
include but are not limited to, anillin-like Mid1p, actin Act1p, formin 
Cdc12p, profilin Cdc3p, tropomyosin Cdc8p, cofilin Adf1p, alpha-actinin 
Ain1p, type II myosin heavy chain Myo2p, myosin essential light chain 
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Cdc4p, myosin regulatory light chain Rlc1p, F-BAR (a subfamily of the 
Bin-Amphiphysin-Rvs domains) protein Cdc15p, IQGAP (IQ calmodulin-
binding motif containing GTPase activating protein) – related Rng2p, UCS 
(UNC-45/CR01/She4p) containing Rng3p and paxillin Pxl1p 
(Balasubramanian et al., 1992; Balasubramanian et al., 1994; Chang et al., 
1997; Eng et al., 1998; Fankhauser et al., 1995; Ge and Balasubramanian, 
2008; Kitayama et al., 1997; Le Goff et al., 2000; McCollum et al., 1995; 
Nakano and Mabuchi, 2006; Naqvi et al., 2000; Pinar et al., 2008; Wong et 
al., 2000; Wu et al., 2001). Many of these proteins are highly conserved 
from yeast to human (Balasubramanian et al., 2004), and form the intricate 
network of actomyosin ring during cytokinesis.  
 
The assembly of cytokinetic proteins at the division site was thought to 
follow a sequential order at the onset of mitosis (Wu et al., 2003). At 
G2/M transition, the anillin-like protein Mid1p shuttles from the nucleus to 
the medial cell cortex in the form of nodes, leading to the recruitment of 
Myo2p, Cdc4p and Rlc1p in a seemingly invariant order, following which 
Rng2p, Cdc15p and Cdc12p arrive at the division site, and finally Cdc8p, 
Ain1p, Acp2p, Myp2p and septin Spn1p (An et al., 2004; Bezanilla et al., 
1997; Kovar et al., 2005; Wu et al., 2003). The first seven arriving 
components, Mid1p, Myo2p, Cdc4p, Rlc1p, Rng2p, Cdc15p and Cdc12p 
form a broad band of cortical nodes before coalescing into a ring 
containing F-actin. However, it is not clear if the order of assembly of 
! 21!
these ring proteins is important for medial actomyosin ring assembly. 
Nevertheless, assembly of the actomyosin ring is merely one important 
step of cytokinesis, the actomyosin ring constantly undergoes dramatic 
turnover (Pelham and Chang, 2002; Wong et al., 2002) and the remodeling 
of the ring might also be essential for cytokinesis (Nakano and Mabuchi, 
2006). 
 
1.3.1.2 Current models regarding actomyosin ring assembly 
Two models have been proposed to explain how multiple proteins 
assemble into an actomyosin ring. The first model is based on a “spot” like 
structure that is detectable in interphase and consists of Myo2p, Cdc12p, 
Cdc15p, Rcl1p and Myp2p (Carnahan and Gould, 2003; Chang, 1999; 
Kitayama et al., 1997; Wong et al., 2002). It was proposed that the spot 
serves as a nucleation site for the assembly of actomyosin cables (Mishra 
and Oliferenko, 2008) that emanate bi-directionally during early 
metaphase (Arai and Mabuchi, 2002; Arai et al., 1998). These cables are 
further cross-linked to form a tight actomyosin ring. In support of this 
model, electron microscopic analysis of the actomyosin ring detected two 
semicircles of parallel F-actin emanating from opposite directions 
(Kamasaki et al., 2007). 
 
The second model is called “search-capture-pull-release” (SCPR) model 
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and is based on the observation of cortical nodes overlaying the nucleus 
during metaphase (Vavylonis et al., 2008; Wu et al., 2006). In this model, 
Mid1p organizes a cortical band of nodes mainly containing Myo2p, 
Cdc4p, Rlc1p, Cdc12p, Rng2p and Cdc15p. The formin Cdc12p nucleates 
short actin filaments that are stochastically captured and pulled together by 
neighboring Myo2p molecules (Wu et al., 2006). These connections are 
transient and are constantly released and reestablished, eventually resulting 
in the formation of the actomyosin ring (Ojkic et al., 2011; Vavylonis et al., 
2008).  
 
Although differing in the starting point (single spot vs. nodal brand), both 
models agree that the actomyosin ring assembles from de novo synthesized 
F-actin at the cell equator. However, in a more recent study, by using a 
small peptide (Lifeact-GFP) which labels F-actin structures in living cells, 
Huang et al. showed that non-medially generated actin cables also migrate 
to the cell center and contribute to the formation of actomyosin ring in 
wild-type cells (Huang et al., 2012). 
 
1.3.1.3 Completion of cytokinesis 
The downstream events of cytokinesis, including the maturation and 
constriction of actomyosin ring as well as septum formation are largely 
governed by a signaling pathway termed the septation initiation network 
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(SIN). Mutants defective in SIN are capable of ring assembly but are 
unable to maintain the ring or deposit division septum properly. 
Components of the SIN pathway are mainly protein kinases and their 
associated factors, including Cdc7p and the small GTPase Spg1p, Sid1p 
and the phosphatase Cdc14p, and Sid2p and its subunit Mob1p 
(Fankhauser and Simanis, 1994; Guertin et al., 2000; Hou et al., 2004; Jin 
et al., 2006; Schmidt et al., 1997; Sparks et al., 1999). These proteins 
localize to the SPBs through two coiled-coil scaffold proteins, Cdc11p and 
Sid4p (Krapp et al., 2001; Morrell et al., 2004b; Simanis, 2003; Tomlin et 
al., 2002). Activation of Spg1p is essential for SIN activity and is 
controlled by its GTPase Activating Protein (GAP), Byr4p and Cdc16p 
(Furge et al., 1999; Furge et al., 1998; Li et al., 2000; Song et al., 1996). 
Following SIN activation in anaphase, the β-1,3-glucan synthase Cps1p is 
delivered to the division site for septum deposition (Cortes et al., 2002; 
Ishiguro et al., 1997; Le Goff et al., 1999; Liu et al., 2002; Liu et al., 1999; 
Wang et al., 2002). Another important role of SIN is to activate and recruit 
Cdc15p, which resides as patches at cell tips during interphase, to the 
division site for the formation of a homogeneous actomyosin ring, and 
hence a matured ring (Aspenstrom et al., 2006; Carnahan and Gould, 2003; 
Fankhauser et al., 1995; Hachet and Simanis, 2008; Takeda et al., 2004; 
Wachtler et al., 2006). 
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While failure in SIN activation leads to defects in ring constriction and 
septum deposition, hyperactivation of SIN activity, such as Plo1p 
overexpression, Spg1p overexpression or loss of function of Cdc16p (in 
cdc16-116 mutant), results in ectopic assembly of actomyosin rings and 
septa in interphase (Minet et al., 1979; Ohkura et al., 1995; Schmidt et al., 
1997). Another important aspect of SIN regulation is the asymmetric 
localization of Cdc7p during anaphase (Cerutti and Simanis, 1999; 
Sohrmann et al., 1998). Sid1p and Cdc14p are also recruited to the new 
SPB where Cdc7p is asymmetrically localized, whereas Sid2p and Mob1p 
subsequently relocate to the division site from SPBs (Feoktistova et al., 
2012; Grallert et al., 2004; Guertin et al., 2000; Singh et al., 2011; Sparks 
et al., 1999). These events are key to ensure successful cytokinesis and 
genome stability because loss of SIN asymmetry induces multiple rounds 
of septation in one cell cycle (Sohrmann et al., 1998). The spatial and 
temporal regulation of SIN activation and asymmetry remains poorly 
understood. 
 
1.3.2 Division plane positioning  
1.3.2.1 Mid1p and other overlapping factors 
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Mid1p and Rng2p 
Fission yeast cells divide medially to generate two equal sized daughter 
cells. Classical genetic studies in the 1990s have identified the anillin-like 
protein Mid1p as a crucial factor for division site positioning 
(Balasubramanian et al., 1998; Chang et al., 1996; Sohrmann et al., 1996). 
Cells lacking Mid1p function fail to assemble orthogonal actomyosin rings 
at the cell equator. Instead, rings as well as the septa are made at random 
sites and angles of the cell. During interphase, Mid1p localizes to the 
nucleus and medial cortex. At the onset of mitosis, nuclear Mid1p shuttles 
to the cell cortex to form a medial band of cytokinetic nodes (Paoletti and 
Chang, 2000; Vavylonis et al., 2008; Wu et al., 2003). These nodes 
subsequently recruit other node proteins and facilitate actomyosin ring 
assembly during metaphase. Interestingly, Mid1p leaves the ring before 
constriction (Paoletti and Chang, 2000; Sohrmann et al., 1996), while the 
majority of other known ring proteins (essential or non-essential) remain 
in the ring. One upstream regulator of Mid1p is the polo kinase Plo1p, 
whose activity is required for nuclear exit of Mid1p and medial ring 
assembly (Bahler et al., 1998; Mulvihill and Hyams, 2002; Ohkura et al., 
1995; Tanaka et al., 2001). 
 
The key downstream effector of Mid1p in medial positioning of 
actomyosin ring assembly is the IQGAP related Rng2p (Eng et al., 1998; 
Laporte et al., 2011; Padmanabhan et al., 2011). The C-terminus of Rng2p 
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(amino acids 1306-1489) interacts with the N-terminus of Mid1p (first 100 
amino acids) (Almonacid et al., 2011), and in turn facilitates the 
organization of other actomyosin ring proteins into cortical cytokinetic 
nodes. Failure of localization of a temperature sensitive rng2p-M1 to the 
division site prevents medial retention of Mid1p and leads to abnormal 
assembly of actomyosin ring at non-medial sites (Padmanabhan et al., 
2011). Mid1p might also directly recruit the myosin essential light chain 
Cdc4p to the nodes at the time when it recruits Rng2p (Laporte et al., 
2011). Since Mid1p leaves the cytokinetic network before ring constriction, 
it remains a mystery whether the function of Mid1p in actomyosin ring 
assembly is solely to recruit downstream effectors such as Rng2p and 
Cdc4p. 
 
Gef2p, Blt1p and Cdr2p 
In higher eukaryotes, Rho GTPases and guanine nucleotide exchange 
factors (GEFs) are important in division site specification and actomyosin 
ring assembly. The putative fission yeast Rho-GEF protein Gef2p has 
recently been shown to bind Mid1p N-terminus and control the medial 
cortical localization of Mid1p in coordination with Plo1p (Kreil, 1981). In 
addition, Gef2p and an adaptor protein Nod1p form a complex that 
interacts with Cdc15p and play a role in actomyosin ring maintenance and 
might suppress the SIN pathway. 
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Blt1p, another cortical node protein, was also recently shown to promote 
Mid1p association with cortical nodes during the early stage of ring 
assembly (Guzman-Vendrell et al., 2013). The N-terminus of Blt1p is 
required to stabilize Mid1p on the cortex through binding to Gef2p, while 
the C-terminus of Blt1p interacts with membrane phospholipids. Thus 
Blt1p acts as a scaffolding protein for membrane anchoring of Mid1p 
nodes and plays an overlapping role in proper ring positioning. 
 
Interestingly, Mid1p, Gef2p and Blt1p, together with the protein kinase 
Cdr1p and the kinesin-like protein Klp8p are all components of the 
interphase cortical nodes that are organized by Cdr2p, the potential size-
sensor protein for G2/M transition. Although Cdr2p leaves the medial 
cortex at the onset of mitosis and does not participate in the process of ring 
assembly, several lines of evidence suggest that Cdr2p also plays an 
overlapping role in restricting Mid1p on the medial cortex for symmetric 
division. Firstly, Cdr2p anchors Mid1p on the medial cortex during 
interphase, and this function becomes essential for medial ring assembly 
when Mid1p is deleted of its C-terminal membrane binding helix (Tagawa, 
1980). Additionally, cdr2Δ combined with plo1-18 exhibits more severe 
synthetic defects in ring positioning than blt1Δ combined with plo1-ts18 at 
25°C (Kreil, 1981). It may seem as a surprise that the cell size-sensing 
apparatus colocalizes with the precursors of the actomyosin ring, but this 
arrangement allows timely assembly of the division machinery once a cell 
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is committed to mitotic progression.  
 
Tip exclusion 
Why are Mid1p and the associated node proteins restricted on the medial 
cortex during interphase? An obvious clue is that, as reviewed in chapter 
1.2.2.3, the DYRK family protein Pom1p restrains Cdr2p from the cell tips 
in a size control mechanism (Martin and Berthelot-Grosjean, 2009; 
Moseley et al., 2009). There are also evidences showing that Pom1p 
inhibits Mid1p at one of the cell ends (Celton-Morizur et al., 2006; Padte 
et al., 2006). 
 
It was frequently noted that the abnormal septa in mid1 mutant cells, 
although misplaced and disoriented from the cell equator, are excluded 
from the extreme cell tips. Huang et al. carefully examined cells defective 
in Mid1p function, and found that polarity factors such as Pom1p and 
components of the tip complex (Tea1p and Tea4p) are required to prevent 
cell end association of Cdc15p (Huang et al., 2007).  
 
Cortical endoplasmic reticulum 
Recent studies have suggested a role of the cortical endoplasmic reticulum 
(ER) in regulating Mid1p medial location for ring assembly (Zhang et al., 
2010; Zhang et al., 2012). The plasma membrane (PM) in many 
eukaryotes is often tightly associated with ER, which is a membrane 
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network of tubules and cisternae (Hu et al., 2008; Terasaki et al., 1996; 
Voeltz et al., 2006; Voeltz et al., 2002). The fission yeast ER appears to be 
maintained by a set of membrane proteins including Rtn1p, Yop1p and 
Tts1p, as the ER in cells depleted of these three proteins (“tryΔ” mutant) 
display disrupted tubular structures and become continuous sheet-
membranes (Zhang et al., 2010). Moreover, tryΔ cells show severe defects 
in division plane positioning as a result of abnormal dispersion of Mid1p. 
Hence Zhang et al. proposed that the cortical ER network defines a 
permissive zone for Mid1p and actomyosin ring assembly at the cell 
equator by restricting the lateral motion of Mid1p. They further identified 
two vesicle-associated proteins (VAPs) to be required for this restriction 
function by tethering the cortical ER together with the plasma membrane 
(Zhang et al., 2012).  
 
1.3.2.2 Nuclear site and division plane positioning 
Although it has been proposed that the position of the pre-dividing nucleus 
specifies the division plane by exporting Mid1p upon mitotic entry (Chang 
and Nurse, 1996), direct proof of the association of nuclear positioning and 
division plane specification comes from two studies that manipulate the 
nuclear positions of fission yeast cells. In S. pombe, the nucleus is 
positioned in the cell center by microtubule arrays (Radcliffe et al., 1998; 
Tran et al., 2001). By displacing the nucleus either through centrifugation 
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(Daga and Chang, 2005) or optical micromanipulation (Tolic-Norrelykke 
et al., 2005) after treatment with microtubule depolymerizers, two groups 
found that the actomyosin rings are assembled dynamically at the new 
displaced nuclear sites in cells that entered mitosis before their nuclei 
travel back to the cell center. Export of Mid1p from the nucleus upon 
mitotic entry is thought to be key to the dynamic association of nuclear site 
and division plane positioning. This is supported by analyzing nuclear 
shuttling defective mutant mid1nsm cells, in which Mid1p localizes 
exclusively to the medial cortex (possibly through Cdr2p) but not to the 
nucleus (Tagawa, 1980). The coordination between nuclear and division 
plane position is no longer established in these mid1nsm mutant cells 
 
1.4 Gaps and Objectives !
As discussed in the previous sections, it is important to develop an 
efficient tool for protein targeting to answer existing questions pertaining 
to fission yeast mitotic regulation and cytokinesis. Several aspects need to 
be investigated regarding the positioning and assembly of actomyosin ring 
in fission yeast. Firstly, it is not clear about the role of Mid1p in the 
assembly of actomyosin ring. Conventional methods fail to dissect the 
potential function of Mid1p in ring assembly from its role in ring 
positioning, because loss of function of Mid1p leads to the collapse of the 
entire node structure. Moreover, it is not clear if the concerted localization 
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of node proteins is essential for cytokinesis. Furthermore, the 
physiological significance of forming the node structures as a preceding 
step for ring assembly is poorly understood. It would be interesting to 
investigate whether Mid1p merely serve as a marker for division site or it 
also participates in cytokinesis independent of its role in positioning the 
division machinery. 
 
Therefore, the specific aims of this study are 
1. To establish and assess a new protein targeting strategy by 
integrating Gab and GFP to the coding sequence of selected pairs of 
endogenous S. pombe genes. 
2. To test if artificial targeting of Rng2p to medial cortex independent 
of Mid1p allows formation of functional actomyosin rings 
3. To test if artificial targeting of any other node protein to medial 
cortex facilitates the formation of a functional actomyosin ring 
4. To analyze the composition of node structure and its regulation by 
cell cycle progression 
5. To compare the two mechanisms of ring assembly utilized by 
fission yeast, i.e. e., node based and SIN based ring assembly 
6. To analyze how the spatial localization of Cdr2p and Pom1p could 
affect mitotic entry, and evaluate existing models regarding size sensing 
and G2/M transition. 
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I believe the establishment of a new protein targeting system will 
contribute to the research community in cell biology where spatiotemporal 
regulation of a protein is actively involved. It would be the first attempt to 
synthetically dissect the functions of Mid1p in actomyosin ring positioning 
and assembly. The knowledge acquired from this study would shed light 
on how cytokinetic machinery is properly assembled to achieve faithful 
segregation of genetic and cytoplasmic material into two daughter cells.  
 
The following chapters will present experimental procedures, results and 
discussion.  
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Chapter II Materials and Methods 
2.1 Yeast strains, media and reagents 
2.1.1 Yeast strains 
 
All S. pombe strains used in this study are isogenic to 968 and are listed in 
Table 1 and Table 2. 
Table 1. Yeast strains used for results in chapter 3.1 & 3.3 
Strain 
Number Relevant Genotype Source 
MBY102 ade6-210 ura4-D18 leu1-32 h+ Lab collection 
MBY103 ade6-216 ura4D18 leu1-32 h- Lab collection 
MBY7513 h+ tea1-Gab-mCherry::ura+  This study 
MBY7514 h- tea1-Gab-mCherry::ura+  This study 
MBY7524 Tea1-Gab-mCherry::ura+ hyg+::gfp-cdc12  This study 
MBY7525 Tea1-Gab-mCherry::ura+, mid1::ura+ mid1-4GFP::leu+   This study 
MBY7526 Tea1-Gab-mCherry::ura+, mid1::ura+ mid1-4GFP::leu+ 
#2 This study 
MBY7527 Tea1-Gab-mCherry::ura+, sid1-GFP::ura+   This study 
MBY7529 Tea1-Gab-mCherry::ura+, cdc7-GFP::ura+   This study 
MBY7531 Tea1-Gab-mCherry::ura+, cdc2-GFP This study 
MBY7532 Tea1-Gab-mCherry::ura+, plo1-GFP::KanX, ura+  This study 
MBY7533 Tea1-Gab-mCherry::ura+, cdr2-GFP::ura+)   This study 
MBY7535 Tea1-Gab-mCherry::ura+, sid2-GFP::ura+   This study 
MBY7537 Tea1-Gab-mCherry::ura+, spg1-GFP::ura+   This study 
MBY7539 Tea1-Gab-mCherry::ura+, pom1-GFP::Kan+   This study 
MBY7623 Tea1-Gab-mcherry::ura+ cdr2-gfp::ura+ clp1D::ura+  This study 
MBY7646 mid1-Gab-mcherry::kanMX6 in MBY102 h+  This study 
MBY7647 mid1-Gab-mcherry::kanMX6 in MBY192 h- This study 
MBY7648 mid1-Gab-mcherry::kanMX6 pom1-gfp::kanMX6  This study 
MBY7649 mid1-Gab-mcherry::kanMX6 tea1-gfp::kanMX6  This study 
MBY7691 h- Cdr2-Gab-mCherry::kanMX6  This study 
MBY7692 h+ Cdr2-Gab-mCherry::kanMX6 This study 
MBY7728 h+ Pom1-2-GFP-kanMX ade6+ leu1-32 ura4-D18 YSM550 from 
Sophie lab 
MBY7775 mid1-Gab-mcherry-kanMX6 pom1-2-gfp- kanMX6  This study 
MBY8103 cdr2-Gab-KanMX nmt1-cps1-gfp-kanMX This study 
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Table 2. Yeast strains used for results in chapter 3.2 
Strain 
Number 
Relevant Genotype Source 
MBY102 ade6-210 ura4-D18 leu1-32 h+ Lab collection 
MBY103 ade6-216 ura4D18 leu1-32 h- Lab collection 
MBY297 mid1-18 ura4-D18, leu1-32, ade6-21X, h+ Lab collection 
MBY298 mid1-18  ura4-D18, leu1-32, ade6-21X, h- Lab collection 
MBY2200 cdr2-gfp::ura4+,ura4-D18, leu1-32, h- Lab collection 
MBY5856  mCherry-atb2::hph leu1-32  ura4-D18 h- Lab collection 
MBY6789 mCherry-atb2::hph leu1-32 ura4-D18 h+ Lab collection 
MBY7446 rng2∆::his+/rng2+ Pact1-Lifeact-GFP::leu1+ mCherry-
atb2::hph leu1-32/leu1-32 h+/h-  
Lab collection 
MBY7691 h- Cdr2-gab-mCherry::kanMX6  This study 
MBY7692 h+ Cdr2-gab-mCherry::kanMX6  This study 
MBY7776 cdr2-gab- mcherry-kanMX6 rng2-gfp::ura+ This study 
MBY7777 h+ mid1-18 cdr2-gab- mcherry-kanMX6 This study 
MBY7778 h- mid1-18 cdr2-gab- mcherry-kanMX6 This study 
MBY7779 h+ mid1-18  rng2-gfp::ura+ This study 
MBY7780 h- mid1-18  rng2-gfp::ura+ This study 
MBY7781 h+ mid1-18 cdc15-gfp-kanMX6 This study 
MBY7782 h- mid1-18 cdc15-gfp-kanMX6 This study 
MBY7783 mid1-18 cdr2-gab- mcherry-kanMX6 rng2-gfp::ura+ This study 
MBY7785 mid1-18 cdr2-gab- mcherry-kanMX6 cdc15-gfp-kanMX6 This study 
MBY7787 mid1∆::ura+ cdr2-gab-mcherry::kanMX6 rng2-gfp::ura+ This study 
MBY7789 mid1-18 cdr2-gab-mcherry::kanMX6 rlc1-gfp::ura+ This study 
MBY7791 mid1-18 cdr2-gab-mcherry::kanMX6 cyk3-gfp::ura+ This study 
MBY7793 mid1-18 cdr2-gab-mcherry::kanMX6 cdc12-gfp::ura+ This study 
MBY7795 mid1-18 cdr2-gab- mcherry-kanMX6 rng2-gfp::ura+ 
mcherry-atb2::hph+ 
This study 
MBY7806 mid1∆::ura+ cdr2-gab-mCh-kanMX                                                     This study 
MBY7885 mid1-18 cdr2-gab-mcherry-kanMX cdc12-gfp::ura+  
mcherry-atb2::hph+ 
This study 
MBY7919 mid1-18 cdr2-gab-mcherry-kanMX ain1-YFP::kanMX  This study 
MBY7920 mid1-18 cdr2-gab-mcherry-kanMX myp2-gfp::ura+ This study 
MBY7921 mid1-18 cdr2-gab-mcherry-kanMX spn1-gfp::kanMX This study 
MBY7923 cdr2-gab-mcherry::kanMX gfp-cdc12::ura+  This study 
MBY7945 mid1-18 adf1-gfp-ura+  This study 
MBY7946 mid1-18 adf1-gfp-ura+ cdr2-gab-mcherry-kanMX6  This study 
MBY7961 mid1-18 cdc12-gfp-ura+ mCh-atb2-hph+  This study 
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MBY7967 h+ kanMX6-Pmyo2-mEGFP-myo2 ade6-M210 leu1-32 
ura4-D18  
From Dr. Jian-qiu 
Wu 
MBY7979 plo1-1 cdr2-gab-mCh::kanMX6 rng2-gfp::ura+ This study 
MBY7981 h+ plo1-1 cdr2-gab-mCh::kanMX6 This study 
MBY7982 h- plo1-1 cdr2-gab-mCh::kanMX6  This study 
MBY7983 plo1-1 rng2-gfp::ura+  This study 
MBY7984 h+ plo1-1 This study 
MBY7985 plo1-1 cdr2-gab-mCh::kanMX6 cdc12-gfp::ura+ This study 
MBY7986 cdr2-gab-mCh::kanMX6 gfp-myo2::kanMX6  This study 
MBY7987 plo1-1 cdc12-gfp::ura+  This study 
MBY7998 cdc12-3Venus::kanMX6 mCherry-atb2::hph ura4-D18 
leu1-32 h+ 
Lab collection 
MBY8051 mid1-18 with pREP42 GFP-Rng2  This study 
MBY8052 mid1-18 KanMX6-GFP-myo2  This study 
MBY8053 mid1-18 cdr2-gab-mCh  KanMX6-GFP-myo2  This study 
MBY8055 mid1-18 cdr2-gab-mCh  KanMX6-GFP-myo2 mCh-atb2-
hph+  
This study 
MBY8058 mid1-18 KanMX6-GFP-myo2 mCh-atb2-hph+  This study 
MBY8089 pREP42-GFP-rng2 in rng2::his3/rng2+ mCh-atb2 Pact1-
Lifeact-GFP::leu1+ 
This study 
MBY8092 pREP42-GFP in rng2::his3/rng2+ mCh-atb2 Pact1-
Lifeact-GFP::leu1+  
This study 
MBY8096  pREP42-GFP-cdr2-rng2  in rng2::his3/rng2+ mCh-atb2 
Pact1-Lifeact-GFP::leu1+ 
This study 
MBY8097 pREP42-GFP-cdr2-rng2  in MBY297 mid1-18 This study 
MBY8100 mid1-18-GFP::KanMX6  This study 
MBY8104 cdr2-gab-mCh mid1-18-GFP-kanMX  This study 
MBY8117 h+ nmt42-GFP-Rng2::ura+ This study 
MBY8118 h- nmt42-GFP-Rng2::ura+  This study 
MBY8119 h+ nmt42-GFP-Cdr2-Rng2::ura+ This study 
MBY8120 h- nmt42-GFP-Cdr2-Rng2::ura+ This study 
MBY8177 cdr2-gab-mCh-kanMX rlc1-gfp-leu+ This study 
MBY8188 cdr2-gab-mCh-kanMX cdc15-gfp-kanMX This study 
MBY8189 cdr2-gab-mCh-kanMX pREP81-cdc4-GFP This study 
MBY8245 Sid1D::kanMX6 sid1-as::leu1+ ura4-D18 ade6-M21X h+ JM1023 from Dr. 
James Moseley 
MBY8248 mid1-18 cdr2-gab-mCh-kanMX cdc15-gfp-kanMX mCh-
atb2-hph  
This study 
MBY8250 (Giant A2) mid1-18 GFP-myo2-kanMX atb2-mCh-hyg+ 
SidD::kanMX6 sid1-as::leu1+ 
This study 
MBY8251 (Giant D4) mid1-18 cdr2-gab-mCh-kanMX GFP-myo2 -
kanMX atb2-mCh-hyg+ SidD::kanMX6 sid1-as::leu1+ 
This study 
MBY8318 h- sid2.as4::natMX6 IH7485 from Dr. 
Agnes Grallert 
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MBY8321 mid1-18 cdr2-gab-mcherry::kanMX6 rlc1-gfp::ura+ atb2-
mCH::hyg+ 
This study 
MBY8346 mid1-18 rng2-gfp sid2.as4 atb2-mCh (7795X8318) This study 
MBY8347 mid1-18 cdr2-gab rng2-gfp sid2.as4 atb2-mCh This study 
MBY8348 mid1-18 cdr2-gab cdc12-gfp sid2.as4 atb2-mCh This study 
MBY8349 mid1-18 cdr2-gab myp2-gfp atb2-mch This study 
MBY8404 h- cdc15-mCherry-natMX6 ade6-M210 leu1-32 ura4-D18 JW1416 from Dr. 
Jian-qiu Wu 
MBY8406 h- cdc12-mCherry-kantMX6 ade6-M210 leu1-32 ura4-D18 JW1445 from Dr. 
Jian-qiu Wu 
MBY8407 Rlc1-mCherry::ura+ cdc12-GFP::ura+ This study 
MBY8409 Rlc1-mCherry::ura+ rng2-GFP::ura+ This study 
MBY8410 mid1-18 Rlc1-mCherry::ura+ GFP-Myo2::kanMX6 This study 
MBY8411 mid1-18 Rcl1-GFP::ura+ cdr2-gab::kanMXX6 This study 
MBY8412 cdr2-gab::kanMX6 h+ This study 
MBY8413 cdr2-gab::kanMX6 h-  This study 
MBY8414 mid1-18 cdr2-gab::kanMX6 h+ This study 
MBY8415 mid1-18 cdr2-gab::kanMX6 h- This study 
MBY8446 mid1-18 cdr2-gab::kanMX GFP-myo2::kanMX  This study 
MBY8448 mid1-18 cdr2-gab::kanMX rng2-gfp::ura+ This study 
MBY8449 mid1-18 cdr2-gab::kanMX cdc12-gfp::ura+ This study 
MBY8450 mid1-18 GFP-myo2::kanMX (mating type opposite to MBY 
8052) 
This study 
MBY8451 mid1-18 cdr2-gab::kanMX cdc15-mCh::natMX This study 
MBY8452 mid1-18 cdr2-gab::kanMX cdc12-mCh::kanMX h+ This study 
MBY8453 mid1-18 cdr2-gab::kanMX cdc12-mCh::kanMX h- This study 
MBY8454 cdr2-gab::kanMX cdc12-mCh::kanMX This study 
MBY8455 mid1-18 rng2-GFP::ura cdc12-mCH::kanMX This study 
MBY8456 mid1-18 rng2-GFP::ura cdc15-mCh::natMX This study 
MBY8457 mid1-18 cdc12-GFP::ura cdc15-mCh::natMX This study 
MBY8522 mid1-18 cdr2-gab::kanMX rng2-GFP::ura+ cdc12-
mch::kanMX 
This study 
MBY8523 mid1-18 cdr2-gab::kanMX GFP-myo2::kanMX cdc12-
mch::kanMX 
This study 
MBY8524 mid1-18 cdr2-gab::kanMX GFP-myo2::kanMX cdc15-
mch::natMX 
This study 
MBY8525 mid1-18 cdr2-gab::kanMX cdc12-GFP::ura+ cdc15-
mch::natMX 
This study 
MBY8526 cdr2-gab::kanMX cdc12-GFP::ura+ cdc15-mch::natMX This study 
MBY8527 mid1-18 cdr2-gab::kanMX rng2-GFP::ura+ cdc15-
mch::natMX 
This study 
MBY8528 cdr2-gab::kanMX rng2-GFP::ura+ cdc15-mch::natMX This study 
MBY8601 h+ ain1-mcherry::natMX This study 
MBY8602 h- ain1-mcherry::natMX This study 
MBY8603 h+ rng2-mcherry::natMX This study 
MBY8604 h- rng2-mcherry::natMX This study 




MBY8607 cdr2-gab::kanMX cdc12-GFP::ura+  ain1-
mcherry::natMX 
This study 
MBY8608 cdr2-gab::kanMX rng2-GFP::ura+  ain1-mcherry::natMX This study 
MBY8609 mid1-18 cdr2-gab::kanMX GFP-myo2::kanMX rng2-
mcherry::natMX 
This study 
MBY8610 cdr2-gab::kanMX cdc12-GFP::ura+  rng2-
mcherry::natMX  
This study 
MBY8724 rng2-M1 cdr2-gab-mCh cdc12-gfp::ura+  This study 
MBY8725 rng2-M1 cdr2-gab-mCh myo2-gfp::kanMX This study 
MBY8850 Blt1-gab-mCherry::kanMX h+ This study 
MBY8851 Blt1-gab-mCherry::kanMX h- This study 
MBY8852 Blt1-gab-mCherry::kanMX rng2-GFP::ura+ This study 
MBY8853 Blt1-gab-mCherry::kanMX GFP-myo2::kanMX This study 
 
*All the cdr2-gab strains before MBY8411 has mCherry after gab. 
 
2.1.2 Growth media  
 
The growth media were used as previously described (Moreno et al., 
1991). Unless otherwise specified, cells were grown in yeast extract with 
supplements (YES). For induction of protein expression under the control 
of nmt promoters, edinburgh minimal medium (MM) with supplements 
was used. Induction was done by 14-22 hours culturing in MM lacking 
thiamine.  
 
Genetic crosses and sporulation were performed on yeast extract peptone 
dextrose (YPD) agar plates. Diploid strains were kept on MM agar plates 
without adenine.  
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For morphological analysis, fixation and image acquiring, cells were 
grown to reach mid-log phase with an optical density (O.D.) of 0.2~0.6. 
For temperature shift over 6 hours, mid-log phase cells were diluted to 
O.D. of 0.05 and shifted to 36°C water bath incubator. 
 
All strains were saved in YES  + 30% glycerol solution and directly frozen 
in -80°C freezer. 
 
2.1.3 Drugs and reagents 
37% formaldehyde and PBS containing 1% Triton X-100 were used to fix 
and permeabilize cells.3.3 
 
DNA fluorescent stain 4', 6'-diamidino-2-phenylindole (DAPI, Sigma, 
USA) (1g/ml DAPI in 1mg/ml p-phenylenediamine and 50% glycerol) and 
aniline blue (AB, Sigma, USA) (0.5g/ml) were used to stain nucleus and 
cell wall/septum. Alexa Fluor-488 phalloidin and Alexa Fluor-593 
phalloidin (Invitrogen, Germany) were used to stain F-actin structures. 
 
TAT1 (anti-α-tubulin monoclonal antibody, a generous gift from K. Gull, 
University of Oxford, UK), anti-GFP and anti-Cdc4p were used as primary 
antibodies for immunofluorescence staining. 
 
Final concentration of 0.5X (12.5 µg/ml) Methyl-2-benzimidazole-
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carbamate (MBC, Aldrich) was used to depolymerize microtubules.  Final 
concentration of 1X 3-MB-PP1 (10nM) was used to inactivate the analog 
sensitive Sid1p.as and Sid2p.as. 
 
2.2 Molecular cloning and yeast genetics 
2.2.1 Molecular cloning 
2.2.1.1 PCR 
 
All polymerase chain reactions (PCRs) were performed with a PTC-100TM 
Programmable Thermal Controller. 
 
For a standard PCR to generate DNA fragments for molecular cloning, a 
50 µl reaction mixture contains 1X expand high fidelity buffer (buffer 2 
from Roche), 1X dNTP (0.2 mM), forward and reverse primers (0.5 µM 
each), expand high fidelity taq DNA polymerase (1-2 units from Roche), 
DNA template (picograms to nanograms) and ddH2O added up to total 
volume. In most cases, purified yeast genomic DNA or plasmid DNA was 
used as template. PCR products were purified using QIAquick® spin 
columns 50 (QIAGEN) and followed their protocols.  
 
A standard PCR program is: 95°C 5 min, 94°C 30 sec, 50°C 30 sec, 72°C 
1 min per kb of product DNA, 25 cycles from step 2 to step 4, 72°C 5 min 
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and 16°C hold.  
 
To perform yeast colonic PCR, yeast cells were picked with toothpicks 
and resuspended in 20 µl of ddH2O, boiled at 100°C for 5 min to release 
genomic DNA and spun down. 5 µl of the supernatant was used as the 
template in a 20 µl reaction mixture. Additional MgCl2 was added to a 
final concentration of 2.5mM and homemade taq was used instead of taq 
from Roche. A standard PCR program was used as described above. 
 
For inverse PCR to insert a fragment into or to delete a fragment from a 
plasmid, two long primers were designed such that they were each 50bp in 
length and contained 25-30bp overlap with the plasmid sequence at which 
the insertion or deletion would be introduced. A standard PCR was first 
performed to generate PCR fragments of interest in the cases of insertion. 
A 50 µl reverse PCR mixture contains 30 ng of plasmid template, 500 ng  
of purified PCR fragment or primers, 1X Pfu buffer, 0.2 mM dNTP, 1 µl 
Pfu Turbo (Agilent) and ddH2O added up to total volume.  
 
For sequencing PCR, a 20 µl reaction mixture constrains 8 µl Big Dye 
(homemade), sequencing primer (1 pmol/µl), DNA template (150-200 ng 
for plasmid DNA and 30-50 ng for purified DNA fragment from PCR) and 
ddH2O added up to total volume. DNA sequences were determined by the 
BigDye Terminator Cycle sequencing kit (v3.1, Applied Biosystems). 
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2.2.1.2 Digestion and ligation 
 
All enzymes used for restriction enzyme digestion and ligation were from 
New England Biolabs (NEB, Beverly, USA) and protocols were followed 
accordingly.  
 
2.2.1.3 Bacteria transformation and plasmid extraction 
 
Homemade chemically competent E.coli XL 1 – Blue cells were used for 
plasmid transformation. 5 µl of ligation product or nanograms of plasmids 
were gently mixed with 100 µl of competent cells and kept on ice for 30 
min. Cells were then heat shock at 42°C for 90 sec and directly plated on 
LB + ampicillin plates. Positive colonies were formed after overnight 
incubation at 37°C. 
 
Plasmid extraction was done using PD columns and buffers from Geneaid 
following their protocols. 
 
2.2.1.4 Plasmids constructed 
 
All plasmids and primers used in this study are listed in Table 3 and Table 
4 respectively.  
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Table 3. All plasmids used in this study 
Plasmid Number Relevant Genotype Source 
pCDL221.2 pREP42-GFP-Rng2p Lab collection 
pCDL687 pFA6a-GFP(S65T)-kanMX6 Lab collection 
pCDL1543 pJK210-Gab-mCherry From Dr. Dan Zhang 
pCDL1544 pJK210 – tea1 C terminal – Gab – mCherry This is study 
pCDL1558 pFA6a-Gab-mCherry-kanMX6 This study 
pCDL1559 YCO-Gab-linker-mcherry-kanMX6 This study 
pCDL1579 pREP42-GFP-Cdr2p-Rng2p This study 
pCDL1627 pFA6a-Gab-kanMX6 This study 
pCDL1687 pFA6a-mCherry-natMX6 From Dr. snezhana 
oliferenko) 
 
The plasmids were derived from integrative vector pFA6a (Wach et al., 
1994; Wach et al., 1996), expression vector pREP42 (Basi et al., 1993) or 
pJK210-Gab-mCherry (Keeney and Boeke, 1994), which was constructed 
Dr. Dan Zhang). 
 
pCDL1544 was constructed from pCDL1543 by inserting the C-terminal 
of Tea1p coding sequence between XhoI and EcoRI in pCDL1543. 
Primers MOH4879 & MOH4880 were used to amply Tea1p C-terminus.  
 
pCDL1558 was constructed by replacing (through digestion and ligation) 
the GFP coding sequence in pCDL687 with the Gab-mCherry coding 
sequence, which was amplified from pCDL1543 with primers MOH4893 
and MOH4894 containing restriction enzyme recognizing sites SalI at the 
5’ end and AscI at the 3’ end. 
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pCDL1559 was constructed by replacing Gab with yeast codon-optimized 
(YCO) Gab in pCDL1558 through invert PCR. Primers MOH5180 & 
MOH5181 were used for invert PCR. The YCO-Gab sequence was 












Invert PCR was also performed to generate pCDL1627 from pCDL1558 
using primers MOH5563 and MOH5564. 
 
To construct pCDL1579, primers MOH5435 and MOH5436 were used to 
amplify the open reading frame (ORF) of Cdr2p from yeast genomic DNA 
with restriction enzyme recognizing sites SalI introduced to 5’ end and 
AscI SalI introduced to the 3’ end. The fragment was then inserted into 
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pCDL221.2 at its SalI site between GFP ORF and Rng2p ORF through 
digestion and ligation. 
 
Table 4. All primers used in this study 
Primer 
Number 
Primer sequence Description 
MOH4879 5'- GTCGTC CTCGAG TAG 
GTGTCAGCGGATATAAACCAAA -3' 
Forward, with XhoI and 
stop codon, to integrate 
tea1 C-terminal into 
pJK1543 
MOH4880 5'-GTCGTC GAATTC 
ATTTTCGTTGTCATGGACTGG -3' 
Reverse, with EcoRI, to 













ATAATAATAAAAGAAT TTAGAAAAACTCATC -3' 






ATGGCCGATGTGCAG -3' (with linker) 





TCATAAATTCAGATA TTAGAAAAACTCATC -3' 
Reverse, to tag mid1 C-
terminal with Gab-
mCherry::kanMX6 
MOH4893 5'-CTATAGGGCGAATTGGGTAC-3' Forward, to amplify Gab-
mCherry, containing SalI 
MOH4894 5'-GTCGAC GGCGCGCC 
TTACTTGTACAGCTCGTCCAT-3' 
Reverse, to amplify Gab-
mCherry, containing AscI 
MOH4897 5’-AGCTGAAGCTTCGTACGCTG -3’ Forward, to sequence 
pCDL1558, Gab-
mCherry replacing GFP 
MOH4898 5’-CGGATGTGATGTGAGAACTG -3’ 
  
Reverse, to sequence 
pCDL1558, Gab-




Forward primer to replace 






Reverse primer to replace 











AATAGTTCCAAAGAG TTAGAAAAACTCATC -3' 
Reverse to tag tea1  with 
Gab-mCherry::kanMX6 
MOH5240 5' CAACCCTACACAAATAATCA 3' Reverse, to sequence 
pCDL221.2 rng2 N-
terminal 
MOH5243 5' CACTAC GTCGAC CGAACCACCACCACC 
ATGAGTACAATTTCAGAAG 3' 
Forward, to insert cdr2 
into pCDL221.2, between 
GFP and Rng2, SalI end 
MOH5244 5' CACTAC GTCGAC TGGCGCGCC 
TGAACCACCACC ACTTTGGACGGATTGTCGTT 3' 
Reverse, to insert cdr2 
into pCDL221.2, between 
GFP and Rng2, AscI SalI 
end 
MOH5434 5’-CCTTTACGAAGCATGCAGTC-3’ Reverse to check cdr2 
insertion in pCDL221.2 at 
SalI from cdr2 300-> 
MOH5435 5’-GACGGC CTCGAG C GGAGGT 
ATGAGTACAATTTCAGAAG-3’ 
Forward, to insert cdr2 
into pCDL221.2, between 
GFP and Rng2, SalI end 
MOH5436 5’-GACGGC GTCGAC CCTCCACC 
ACTTTGGACGGATTGTCGTT-3’ 
Reverse, to insert cdr2 
into pCDL221.2, between 







Forward, to tag mid1-18 






Reverse, to tag mid1-18 
with GFP (pCDL687) 
MOH5448 5’-GAGAGACCACATGGTCCTTC-3’ Forward, to sequence 
cdr2 from 4315-> 





Invert PCR forward, to 
delete the linker-mCherry 




Invert PCR reverse, to 
delete the linker-mCherry 







Forward, to insert 







Reverse, to insert 







Forward, to insert 







Reverse, to insert 
mCherry-natMX at ain1 
C-terminal 
MOH5918 5’-CTGGAAGCAACAAGCCCGAC-3’ Forward to sequence 
mcherry tagging after 
rng2 
MOH5919 5’-GGATCGTGATAGTGCTCGTC-3’ Forward to sequence 
mcherry tagging after 
ain1 
MOH5939 5’-CTTGTACAGCTCGTCCATGC-3’ Reverse to sequence 












Reverse, to tag blt1 with 
Gab-mCherry 
 
2.2.2 Yeast genetics 
2.2.2.1 Yeast strain construction  
 
To purify genomic DNA from fission yeast, the following steps were 
followed. Fresh grown cells were collected and suspended in 0.5 ml of 1X 
TE. Cells were then spun down, re-suspended and kept in 0.5 ml of a 
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mixed solution at 37°C for 30 min, which contains 1.2 M Sorbital, 0.1 M 
EDTA, 2 mg/ml Zymolyase (USBiological), 5 mg/ml Lysine Enzyme 
(SIGMA) and 1% 2-Mercaptoethanol (SIGMA). Spheroplasts were then 
spun, re-suspended and kept in 450 µl of a mixed solution at 65°C for 45 
min, which contains 100 mM NaCl, 50 mM EDTA, 50 mM Tris, 50 µl 
10% SDS, and 10 µl 20 mg/ml Proteinase K (Finnzymes). The mixture 
was then kept on ice for 10 min, mixed with 200 µl of 5 M potassium 
acetate, and kept on ice for another 30 min. Next, the mixture was max 
spun at 4°C for 30 min, and the supernatant was recovered to precipitate 
DNA by adding equal volume of isopropanol. The DNA pellet was spun 
down and washed with 70% ethanol once. After dried in air, DNA was re-
suspended in 50 µl of ddH2O. 
 
To transform plasmids or DNA fragments for homologous recombination 
in yeast, a LiAc based protocol (Kanter-Smoler et al., 1994) was followed. 
First, mid-log phase cells were collected and washed with ddH2O (O.D. 
multiplied by the volume of cell culture should be equal to 10). Cells were 
washed with fresh prepared 1 ml of LiAc/TE buffer 1 (0.1 M LiAc, 10 
mM Tris-HCl, and 1 mM EDTA, pH 7.5) and re-suspended in 100 µl of 
LiAc/TE buffer 1. Approximately 2 µg of DNA fragments or plasmids 
were added together with 2 µl of sonicated salmon sperm DNA (Sigma) 
and incubated at room temperature for 15 min. The cells were gently 
mixed with 240 µl of LiAc/TE buffer 2 (0.1 M LiAc, 10 mM Tris-HCl,1 
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mM EDTA, and 40% w/v polyethylene glycol (m.w.»3550, Sigma) ) and 
kept at 30°C (or 24°C for temperature sensitive mutants) for 45 min. 43 µl 
of dimethyl sulfoxide (DMSO) was then added to the cell suspension and 
incubated at 42°C for 5 min. Finally, the cells were washed once with 1 ml 
of water and plated on 2 selective plates. 
 
To tag yeast endogenous gens with Gab-mCherry coding sequence at their 
C-terminus, plasmids pCDL1554 and pCDL1558 were used. To construct 
MBY7513 and MBY7514, pCDL1554 was digested with restriction 
enzyme BclI, purified and transformed into MBY102 and MBY103 cells. 
Positive colonies were selected on MM agar plates lacking uracil and 
screened for fluorescence signal under an Olympus microscope. To 
construct MBY7646 & MBY7647, MBY7691 & MBY7692, Gab-
mCherry coding sequence containing homologous sequences to ~80bp 
before and after the stop codons of genes mid1 and cdr2 were amplified 
with long primer pairs MOH4889 & MOH4890, MOH4887 & MOH4888, 
respectively. The purified PCR products were transformed into MBY102 
and MBY103 cells and selected on YES+G418 plates. Positive colonies 
were then screened for fluorescence signal.  
 
The stains mid1-18-GFP, ain1-mCherry, rng2-mCherry and cdr2-Gab 
were constructed in the same method as described above, using plasmids 
pCDL687, pCDL1627 and pCDL1687. 
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2.2.2.2 Genetic crosses 
 
Classic S. pombe genetic techniques were performed as described 
previously (Moreno et al., 1991). Mating was carried out between two 
heterothallic h+ and h- strains. To cross two haploid strains, approximately 
equal amount of cells of opposite mating types were mixed in 10 µl of 
ddH2O. The mixture was dropped on YPD plates, dried and kept in 24°C 
for 36-72 hours. 
 
Once the majority of the cells were sporulated, one small loop of cells was 
patched onto a fresh YES plate for tetrad dissection. Tetrad dissection was 
done using a Singer Micromanipulator (MSM-Series 300, Singer 
instrument). After 4-7 days, the colonies germinated from single spores 
were replicated onto selective plates and screened for phenotype.  
 
2.3 Yeast cell biology 
2.3.1 Fixation and staining 
 
All cells in this study were fixed with formaldehyde. Briefly, 1/5 volume 
of formaldehyde (37%, Merck) was added to liquid cell culture and 
incubated for 10-15 min at the appropriate temperature. The cells were 
spun down and washed with 1X PBS for three times. 
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To visualize F-actin, nucleus and cell wall, the fixed cells were first 
permeabilized with 1 ml of 1X PBS containing 1% Triton X-100 (Sigma) 
for 1 min and washed twice with 1 ml of 1X PBS. DAPI (to stain nucleus) 
can be used together with Aniline Blue (to stain cell wall) or Phalloidin (to 
stain F-actin), but Aniline Blue and Phalloidin cannot be used together as 
Aniline Blue signal would draw the Phalloidin signal even in green 
channel.  
 
For immunofluorescence staining, cells were processed as previously 
described (Balasubramanian et al., 1997). First, the fixed and 
permeabilized cells were protoplasted by 5-10 min incubation at 37°C with 
200 µl of a solution containing 1.2 M sorbitol/PBS, 3 mg/ml Zymolase and 
5 mg/ml lysing enzyme. The protoplasting process was monitored under 
light microscope by mixing 1 µl of cell suspension with 1 µl of SDS on a 
glass slide. When 50-70% of cells were protoplasted, the mixture was spun 
down and washed three times with 1X PBS and once with PBAL blocking 
solution containing 1X PBS, 10% BSA, 100 mM lysine hydrochloride, 50 
µg/ml carbenicillin and 1 mM sodium azide. Cells were blocked in PBAL 
solution for 1-3 hours at room temperature. Primary antibodies were then 
added to the cell suspension and incubated at room temperature for 3 hours 
or at 4°C overnight. After washing with PBAL for three times, cells were 
incubated with flurochrome-conjugated secondary antibodies for one hour 
in dark. Finally, the cells were washed three times with 1X PBS and were 
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ready for imaging. TAT1 (anti-tubulin), anti-Cdc4p and anti-GFP primary 
antibodies were used at a dilution of 1:200.  
 
2.3.2 Microscopy, image processing and data analysis 
2.3.2.1 Epifluorescence microscopy 
 
Images of stained samples were single plane acquisitions on Olympus 
IX71 microscope equipped with a charge-coupled device (CCD) camera 
(CoolSNAP HQ; Photometrics), 100x/1.45 NA Plan Apo objective lens 
and Metamorph software (v7.6). All images were processed using Image J 
(v1.47).  
 
2.3.2.2 Spinning disk confocal microscopy 
 
To obtain live cell images, cells were grown at 24°C (or shifted to 
restrictive temperature) in YES to mid-log phase, and harvested by 
centrifugation at 3,000 rpm for 1 min. 1 µl of cells were mounted on slides 
with YES media containing 2% agarose pads, sealed with a coverslip 
using VALAP (Vaseline, Lanolin and Parafin wax) and imaged under 
spinning disk microscopes at the experimental temperature. Spinning disk 
images were captured either using a Carl Zeiss microscope or a 
microLAMBDA microscope. The Zeiss microscope was equipped with 
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Axiovert 200M, Plan Apochromat 100x/1.4 NA oil objective lens, a 
spinning disk system (CSU-21; Yokogawa Corporation of America), a 
Camera (ORCA-ER; Hamamatsu Photonics) and MetaMorph software 
(v7.6). Excitation was done using a 491-nm solid-state laser (Calypso; 
Cobolt) and a 561-nm solid-state laser (Jive; Cobolt). The microLAMBDA 
microscope was equipped with Eclipse Ti (Nikon), Plan Apochromat VC 
100x/1.4 NA oil objective lens, a spinning disk system (CSUX1FW; 
Yokogawa Corporation of America), a camera (CoolSNAP HQ2) and 
MetaMorph software (v7.7). Excitation was done using a 491-nm diode-
pumped solid-state (DPSS) laser (Calypso) and a 561-nm DPSS laser 
(Jive; Cobolt). Unless specified otherwise, all images were taken at 0.5 µm 
step size for a total of 6 µm in Z dimension, and shown in 2D by 
maximum intensity projection. Image processing was done using Image J 
(v1.47).  
 
2.3.2.3 Nucleus displacement experiment 
 
Cells were grown to mid-log phase, treated with 0.5X MBC (12.5 µg/ml) 
for 5 min, centrifuged at 13,200rpm for 10 min at 4°C, harvested and 
mounted on slides with YES media pads containing 2% agarose, and 
imaged under microLAMBDA spinning disk microscope. The first time 
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point for each experiment was taken at least 10 min after cells were 
mounted on agarose pads without MBC. 
 
2.3.2.4 SIN inactivation experiment 
 
Cells were grown to mid-log phase, treated with 10nM 3-MB-PP1 for 1 
hour, harvested at 3000 rpm for 1 min, and mounted on slides with YES 
media pads containing 2% agarose and 10 nM 3-MB-PP1, and imaged 
under microLAMBDA spinning disk microscope.  
 
 
2.3.2.5 General image processing and data analysis 
 
Images were processed and analyzed using Metamorph or ImageJ 
(http://rsb.info.nih.gov/ij/). All images were generally adjusted for 
brightness and contrast using “Image/Adjust/Brightness/Contrast” in 
Image J. All maximum-intensity projected or sum-intensity projected 
images were background subtracted using “Process/Subtract Background” 
function. After background subtraction, some time-lapse movies were 
bleach corrected using “Plugins/Stacks-T-functions/Bleach Correction” 
plugin. Regions of interest in some cases were rotated and cropped for 
better display. In some images, different channels of the same cell taken at 
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the same time point were combined together using “Image/Color/Merge 
channels”. The montage of a time-lapse sequence was made using 
“Image/Stacks/Make Montage”. All processed images were saved as TIFF 
– RGB format. Graphs in this study were made in Microsoft Excel (2011). 
All images and graphs were assembled in Microsoft PowerPoint (2011) or 
Adobe Illustrator (CS6). 
 
2.3.2.6 Fluorescence distribution plotting 
 
To quantify the spatial distribution of GFP fusions in the presence of 
Cdr2-Gab, cells were imaged under microLAMBDA spinning disk 
microscope at 0.3 µm step size. Sum intensity projection of the Z-stacks 
was performed to obtain 2D images in Image J (v1.47). 10 cells of cell 
length between 9-11um (without rings or septa, indicating interphase) in 
each strain were analyzed by the following steps in Image J and Microsoft 
Excel (2011): 1) a rectangle was drawn along the cell long axis to cover 
the entire region of the selected cell; 2) plot values (V1-n) along the long 
axis together with the cell length values (L1-n) were obtained using the Plot 
Profile function, and copied to an Excel worksheet. 3) Cell length of each 
cell was normalized as 0-1 (l1-n, li=Li/Ln), with 0 being one cell end and 1 
being the other cell end; plot value along the long axis of each cell was 
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normalized as 0-1 (v1-n,vi=(Vi-Vmin)/(Vmax-Vmin)), with 0 being the lowest 
fluorescent intensity and 1 being the highest fluorescent intensity. 
 
2.3.2.7 Fluorescence Recovery after Photobleaching (FRAP) 
 
FRAP experiments were carried out using microLAMBDA spinning disk 
microscope equipped with iLas2 system (Roper Scientific). Photobleaching 
was performed with laser strength of 80% at small areas (~6 µm2) in the 
middle of the cell (half side). Single plane acquisitions were taken every 
20 sec for 3 time points before photobleaching and 21 time points after 
photobleaching, followed by every 60 sec for 4 time points.  
 
Data analysis were performed with Image J and Microsoft Excel (2011) 
following these steps: 1) Open the FRAP series in Image J. Draw a region 
of interest (ROI) around the FRAPed (~4 µm2) area, and add this to the 
ROI manager. In the manager, choose “measure” to measure the intensity 
within that region for each time point. Save these results to excel – 
IntDens (ROI) values. 2) Move the ROI (same shape and size) to an 
unbleached area in another cell at the same region. Measure the intensity 
within the control region for each time point and save these results to excel 




Column A= Time (X-axis, T0 is the first postbleach time point). 
Column B= IntDens (control) – raw unbleached integrated intensity 
values, decreasing over time due to bleaching from imaging. 
Column C = CumulLoss (control) – for each time point, subtracts the first 
value to determine the accumulated loss of signal due to bleaching from 
imaging. Ci=B1-Bi (i=1-n). 
Column D = CorrFactor – the relative proportion of signal lost due to 
bleaching from imaging at each time point, Di=Ci/Bi (i=1-n). 
Column E = CorrValue (control) – an internal control to ensure that the 
preceding calculations worked. Each time point should have the same 
value as the starting intensity value, if bleach correction has worked 
appropriately. Ei=Bi*Di+Bi (i=1-n). 
Column F = IntDens (ROI)- raw integrated intensity values from bleached 
region. 
Column G = CorrValue (ROI)- the intensity in the ROI corrected to 
account for the relative proportion of signal lost due bleaching from 
imaging at each time point. Gi=Fi*Di+Fi (i=1-n). 
Column H = Prebleach – the average integrated intensity within the ROI at 
all three prebleach time points. H=(G1+G2+G3)/3. 
Column I = NormInt (ROI) – the corrected intensity in the ROI at each 
time point relative to the prebleach value. Ii=Gi/H. 
Column J = Postbleach – the corrected intensity in the ROI at T0. J=I4. 
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Column K = NormInt% (ROI) – the corrected intensity in the ROI at each 
time point assuming the average intensity of the three prebleach time 
points as 1, and the intensity of the first postbleach time point as 0. Ki=(Ii-
J)/(1-J) 
 
These normalized K values were averaged over at least three experiments 
in order to generate a recovery curve with error bars. 
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Chapter III Results !
This chapter first presents the establishment of a new protein targeting 
system in S. pombe based on Gab-GFP binding. Next this targeting method 
is applied to synthetically rewire medial cell division in S. pombe, and to 
evaluate the regulation of mitotic entry through a previously proposed 
size-sensing mechanism. 
 
3.1 The Gab-GFP based protein targeting method 
3.1.1 Construction of the Gab targeting system 
 
Gab, a 119 amino-acid peptide derived from a single domain antibody 
against GFP, has been shown to bind to GFP with high affinity in vivo 
(Rothbauer et al., 2008; Rothbauer et al., 2006; Schornack et al., 2009). 
The structure of the GFP-Gab heterodimeric complex was determined by 
X-ray crystallography (Kubala et al., 2010), and the cartoon diagram is 
shown in Figure 1A. According to X-ray crystallography, the 
conformation of both Gab and GFP undergo rather limited changes upon 
binding to each other.  
 
Several plasmids were constructed for tagging Gab to the endogenous loci 
of various genes in fission yeast (Figure 1B). Both pFA6a-Gab-
mCherry::kanMX6 and pFA6a-Gab-kanMX6 were used for tagging S. 
pombe genes in subsequent experiments. 
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Three S. pombe proteins with distinct subcellular localization patterns 
were chosen for Gab fusions as candidates for protein targeting of GFP 
fusions. The tip complex component Tea1p localizes at the two poles of 
cells and was selected for protein targeting to cell ends (Behrens and 
Nurse, 2002; Mata and Nurse, 1997). The anillin-like protein Mid1p 
resides in the nucleus and shuttles to the cortex to form cytokinesis nodes 
and actomyosin ring during cytokinesis (Nestle et al., 2003; Paoletti and 
Chang, 2000; Sohrmann et al., 1996), and thus was selected for protein 
targeting to medial region. Another candidate that localizes to the medial 
cortical region is the serine/threonine kinase Cdr2p, which accumulates at 
the medial cortex during interphase (Breeding et al., 1998; Wu et al., 
2003). Cells expressing Tea1p-Gab-mCherry, Mid1p-Gab-mCherry and 
Cdr2p-Gab-mCherry were generated and images of these cells are shown 
in Figure 1C. As indicated by DIC and fluorescent images, the fusion of 
Gab-mCherry at the C terminus of these proteins did not alter their 
subcellular localization or cell morphology. Thus, I have constructed three 




Figure 1. Construction of the Gab targeting system. 
(A) Cartoon diagram depicting perpendicular views of the GFP-Gab 
complex. GFP is shown in green and Gab is shown blue. The diagram 
was generated with MacPyMOL and the PDB file is available at 
http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.cgi?Dopt=s&
uid=84466. 
(B) Schematics of constructs made in this study. pCDL1543 contains Gab-
mCherry coding sequence in pJK210 backbone. pCDL1558 contains 
Gab-mCherry coding sequence in pFA6a backbone, and is used for 
PCR-transformation based endogenous C-terminal tagging with Gab. 
pCDL1559 is a variation of pCDL1558 with the original Gab coding 
sequence replaced with yeast codon optimized Gab (YCOG) coding 
sequence. pCDL 1627 is another variant of pCDL1558 with the 
mCherry coding sequence deleted. 
(C) Images of cells expressing Tea1p-Gab-mCherry, Mid1p-Gab-mCherry 
and Cdr2p-Gab-mCherry. Tea1p-Gab-mCherry is detected at cell tips; 
Mid1p-Gab-mCherry is detected at nucleus and actomyosin rings; 
Cdr2p-Gab-mCherry is detected in medial nodes in interphase cells. 
Cells were imaged with a spinning disk confocal microscope; DIC 
(top) and maximum-intensity projections of Z stacks (bottom) are 










Tea1p-Gab-mCherry    Mid1p-Gab-mCherry   Cdr2p-Gab-mCherry         
C
A
Gab! mCherry!pCDL1543: Gab-linker-mCherry in pJK210!
Gab! mCherry! kanMX6!pCDL1558: Gab-linker-mCherry in pFA6a!
YCOG! mCherry! kanMX6!pCDL1559: YCO-Gab-linker-mCherry in pFA6a!
Gab! kanMX6!pCDL1627: Gab in pFA6a!
90°
Figure 1. Construction of the Gab targeting system. !
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3.1.2 Gab-GFP complex tends to favor the location of the Gab 
fusion 
 
In my experimental design, Gab and GFP encoding sequences were 
individually fused to native S. pombe genes, with the assumption that the 
Gab fusion would target the GFP fusion to its subcellular location or vice 
versa. However, the direction or outcome of such targeting and whether 
the Gab-GFP interacting complex preferentially localizes to the subcellular 
location of the protein fused to Gab or GFP is difficult to predict. 
 
To assess the targeting efficiency and direction, two strains were 
compared, Tea1p-Gab-mCherry Mid1p-GFP, and Mid1p-Gab-mCherry 
Tea1p-GFP. When Mid1p is depleted (mid1Δ), S. pombe cells are unable 
to deposit septum in the middle and divide asymmetrically (Nestle et al., 
2003; Paoletti and Chang, 2000; Sohrmann et al., 1996) (Figure 2A).  
When Tea1p is depleted (tea1Δ), S. pombe cells are defective in polarity 
and often show abnormal morphology of “bent banana” shape or “T” 
shape (Behrens and Nurse, 2002; Mata and Nurse, 1997; Sawin and 
Snaith, 2004; Snaith et al., 2005) (Figure 2B). Interestingly, cells co-
expressing Tea1p-Gab-mCherry and Mid1p-GFP displayed septum 
positioning defects, similar to mid1Δ cells (Figure 2A), indicating that 
Mid1p-GFP might be targeted away from the medial region where it 
performs its normal function. In contrast, cells co-expressing Mid1p-Gab-
mCherry and Tea1p-GFP exhibited abnormal “bent banana” shape (Figure 
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2B), similar to tea1Δ, indicating that Tea1p-GFP might be targeted away 
from the two cell poles where it performs its normal function. These 
results suggest that the Gab-GFP binding complex might favor the 
subcellular location of the protein fused to Gab, regardless of what 
proteins they each are fused to. 
 
Cells co-expressing Tea1p-Gab-mCherry and Mid1p-GFP were further 
examined by DAPI (for nucleus) and phalloidin staining (for actin). As 
shown in Figure 2C, actin rings in these cells were off-centered, displaying 
a phenotype similar to Mid1p loss of function mutants. To validate the 
possible stronger targeting effect of Gab fusion over GFP fusion, cells 
were imaged with a confocal spinning disk microscope to detect the 
localization of the fusion proteins. In cells co-expressing Tea1p-Gab-
mCherry and Mid1p-GFP, Mid1p-GFP was hardly detectable, perhaps due 
to low Mid1p expression and the abnormal cell morphology. However, it 
was clear that Tea1p-Gab-mCherry remained at the cell poles in these cells 
(Figure 2D). Conversely, in cells co-expressing Mid1p-Gab-mCherry and 
Tea1p-GFP, Tea1p-GFP was detected throughout the cell, instead of being 
restricted only at the cell poles (Figure 2E). These results further 
demonstrated that the GFP fusion tends to be targeted to the location of the 
Gab fusion, regardless of the proteins they were fused to. The mechanism 
behind this observation remains to be elucidated. Further investigation 
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needs to be conducted to check if this localization pattern generally applies 




Figure 2. Gab-GFP complex tends to favor the location of the Gab fusion. 
(A) Cells co-expressing Tea1p-Gab-mCherry Mid1p-GFP mimics mid1Δ 
mutant. Wild-type cells, mid1Δ cells and wild-type cells co-expressing 
Tea1p-Gab-mCherry Mid1p-GFP were fixed and stained with DAPI 
and aniline blue (AB), and imaged with an epifluorescence 
microscope.  
(B) Cells co-expressing Mid1p-Gab-mCherry Tea1p-GFP mimics tea1Δ 
mutant.  tea1Δ cells and wild-type cells co-expressing Mid1p-Gab-
mCherry Tea1p-GFP were fixed and stained with DAPI and aniline 
blue (AB), and imaged with an epifluorescence microscope.  
(C)  Ring positioning is defective in cells co-expressing Tea1p-Gab-
mCherry Mid1p-GFP. Wild-type cells co-expressing Tea1p-Gab-
mCherry Mid1p-GFP were fixed and stained with DAPI and Alexa 
Fluor-488  phalloidin, and imaged with an epifluorescence microscope.  
(D)  & (E) GFP fusions are mistargeted by Gab fusions. Wild-type cells 
co-expressing Tea1p-Gab-mCherry Mid1p-GFP and wild-type cells 
co-expressing Mid1p-Gab-mCherry Tea1p-GFP were grown to mid-
log phase and imaged with a confocal microscope. 




mid1Δ ! Tea1p-Gab Mid1p-4GFP! tea1Δ ! Mid1p-Gab Tea1p-GFP!










3.1.3 Analysis of the Gab fusion targeting effects 
 
Several GFP tagged fission yeast proteins with characteristic localization 
patterns were tested to evaluate the targeting effects of the Gab fusions,. 
 
Both the polo kinase Plo1p and the septum promoting GTPase Spg1p 
localize to the spindle pole body (SPB) and are crucial for cytokinesis 
(Almonacid et al., 2011; Cerutti and Simanis, 1999; Mulvihill and Hyams, 
2002; Ohkura et al., 1995; Schmidt et al., 1997; Tanaka et al., 2001). In 
cells co-expressing Tea1p-Gab-mCherry and Plo1p-GFP or Spg1-GFP, 
Plo1p and Spg1p partially retained their original localization in mitotic 
SPBs, and also gained new localization at the cell poles (Figure 3A). 
However, the gain of this new localization at cell poles of both Plo1p and 
Spg1p did not induce any new phenotype to the cells. This indicated that 
the Plo1p or Spg1p retained in the SPBs was sufficient to fulfill the 
necessary function. 
 
A similar observation was made in cells co-expressing Tea1p-Gab-
mCherry and Cdc12p-GFP. Cdc12p is an essential formin that nucleates 
mitotic actin filaments for actomyosin ring assembly (Chang, 1999; Chang 
et al., 1997; Kovar et al., 2003; Yonetani et al., 2008). Cdc12p primarily 
localizes to the actomyosin ring and its precursor nodes in mitotic cells, 
and is diffused in the cytosol during interphase. As shown by 
immunofluorescence staining and DAPI/phalloidin staining in Figure 3B, 
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Cdc12p localized to the cell poles in interphase cells, but were still able to 
localize to actomyosin rings in mitotic cells. This indicated that the 
accumulation of Cdc12p at the cell poles instead of its diffused pattern in 
the cytosol during interphase did not affect its function later in cytokinesis. 
Cdc12p-GFP was still able to perform its nucleating activity for the 
assembly of the actomyosin ring in the middle. Exactly how and when 
Cdc12p travels to the middle of the cell for actomyosin ring assembly is 
still unclear. 
 
These experiments establish that some proteins (such as Plo1p, Spg1p and 
Cdc12p) perform their functions at particular subcellular locations, and 
their activities are not compromised when only partially targeted to new 
locations through Gab-GFP binding. Therefore, although fusing Gab and 
GFP endogenously to S. pombe proteins result in targeting of the GFP 
fusion to the subcellular location of the Gab fusion, this method is not 
ideal for depleting a GFP fused protein completely from its original 
subcellular location. 
 
The next two sections will present data on the application of the Gab-GFP 
based protein targeting method to understand the spatio-temporal 
regulation of cytokinesis and to evaluate the size-sensing mechanism for 
G2/M transition in S. pombe. 
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Figure 3. Analysis of Gab targeting effects. 
(A) Plo1-GFP and Spg1p-GFP are targeted to cell poles by Tea1p-Gab-
mCherry. Wild-type cells co-expressing Tea1p-Gab-mCherry Plo1-
GFP and wild-type cells co-expressing Tea1p-Gab-mCherry Spg1p-
GFP were grown to mid-log phase and imaged with an 
epifluorescence microscope. 
(B) Cdc12-GFP is targeted to cell poles by Tea1p-Gab-mCherry. Wild-
type cells co-expressing Tea1p-Gab-mCherry Cdc12p-GFP were 
grown to mid-log phase, fixed and stained with DAPI, phalloidin 
(green) and anti-GFP (red) and imaged with an epifluorescence 
microscope. 
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Figure 3. Analysis of Gab targeting effects.!
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3.2 Rewiring Mid1p independent medial division in 
S. pombe !
Cell division is central to life and correct positioning of the cell division 
machinery is key to the maintenance of genome stability and cell fate 
determination. The fission yeast Schizosaccharomyces pombe is an 
attractive model organism to study cytokinesis as it, like higher 
eukaryotes, divides using a contractile actomyosin ring. In S. pombe, a 
number of actomyosin ring components assemble at the medial cortex into 
node-like structures before coalescing into a ring (Bahler et al., 1998; Wu 
et al., 2006). The nodes contain actin, actin-filament nucleators (e.g. 
Cdc12p), myosin II motor proteins (e.g. Myo2p, Cdc4p and Rlc1p) and 
some actin filament cross-linking proteins (e.g. Rng2p, Ain1p). Assembly 
of cytokinetic nodes requires anillin related Mid1p, which recruits 
IQGAP-related Rng2p to the division site, following which other node 
components accumulate at the division site in a characteristic sequence 
(Laporte et al., 2011; Padmanabhan et al., 2011; Sohrmann et al., 1996; 
Wu et al., 2003). Since loss of Mid1p function leads to collapse of the 
entire “cytokinetic nodes”, it has not been possible to understand the 
precise mechanism of assembly of ring proteins into such nodes. Thus, the 
mechanism of cytokinetic node assembly, the importance of a specific 
order of assembly of ring components, and whether Mid1p solely 
participates in ring positioning are yet to be investigated.  
 
! 69!
I set out to synthetically target Rng2p and other ring proteins individually 
to the division site independent of Mid1p, and explore the possibility of 
rewiring medial cell division in S. pombe. 
 
3.2.1 Gab-GFP based protein targeting strategy is advantageous 
over direct protein fusion method 
 
Previous work has shown that a critical function of Mid1p is to target 
Rng2p to the medial cortex, and Rng2p in turn recruits other components 
of the actomyosin ring to the nodes (Laporte et al., 2011; Padmanabhan et 
al., 2011; Wu et al., 2003). In cells defective in mid1, actomyosin rings are 
assembled at random sites and various angles on the cell cortex, which in 
turn leads to septum placement defects. I therefore investigated if synthetic 
targeting of Rng2p to the cell division site independent of Mid1p would 
lead to medial cell division in cells defective in mid1. To target Rng2p to 
the cell middle in a Mid1p-independent manner, the protein kinase Cdr2p 
was used. Cdr2p plays an overlapping role in actomyosin ring positioning 
and localizes to the medial cortex in the form of nodes during interphase in 
a Mid1p independent manner (Breeding et al., 1998; Morrell et al., 2004a; 
Tagawa, 1980). Thus it appeared as an ideal candidate for Mid1p-
independent medial targeting of Rng2p. A gene encoding GFP-Cdr2p-
Rng2p fusion was constructed and expressed under the control of a 
medium strength thiamine repressible nmt1(42) promoter (Basi et al., 
1993) (Figure 4A).  
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I first tested if the fusion protein carried normal Rng2p function by 
generating rng2::his3/rng2+ diploid strains expressing either pREP42-
GFP::ura+ or pREP42-GFP-Cdr2p-Rng2p::ura+. The diploids were grown 
on YPD plates to generate spores. Spores carrying pREP42-GFP and 
rng2∆ that were able to germinate in MM lacking uracil and histidine 
failed to divide in the first cell cycle (Figure 4B), possibly due to lack of 
the essential protein Rng2p. However, spores containing pREP42-GFP-
Cdr2p-Rng2p and rng2∆ that were able to germinate in MM lacking uracil 
and histidine were viable (Figure 4C), suggesting that expression of the 
fusion protein GFP-Cdr2p-Rng2p could support cytokinesis in cells 
lacking native Rng2p. 
 
I then checked the localization of the fusion protein in mid1 mutant and 
tested if it could bypass Mid1p function. After 16 hours induction in MM 
without thiamine, the fusion protein localized to the rings at the medial 
region of the cell (Figure 4D). However, even moderate overexpression of 
the fusion protein led to formation of abnormal aggregates. In addition, 
mid1 mutant phenotype is largely suppressed in minimal medium by itself, 
making it difficult to assess the contribution from the fusion protein (data 
not shown). Hence, an alternative approach was necessary to target Rng2p 
to the division site in a Mid1p-independent manner. 
  
! 71!
Figure 4. Overexpression of Cdr2p-Rng2p fusion fails to restore medial 
Rng2p localization in mid1 mutants. 
(A) Constructs made for Cdr2p-Rng2p fusion expression. pREP42 
plasmids were engineered to express GFP, GFP-Rng2p and GFP-
Cdr2p-Rng2p under control of the nmt1(42) promoter.  
(B) Expression of GFP does not rescue rng2Δ mutant. Spores from 
rng2::his3/rng2+ diploid strains containing pREP42-GFP::ura+ were 
germinated in MM lacking uracil and histidine and grown for 30hours. 
Cells were imaged with an epifluorescence microscope.  
(C) Expression of GFP-Cdr2p-Rng2p rescues rng2Δ mutant. Spores from 
rng2::his3/rng2+ diploid strains containing pREP42-GFP-Cdr2p-
Rng2p::ura+ were germinated in MM lacking uracil and histidine and 
grown for 30hours. Cells were imaged with an epifluorescence 
microscope. 
(D)  Overexpression of GFP-Cdr2p-Rng2p induced ectopic localization of 
the fusion protein. mid1-18 cells containing pREP42-GFP-Cdr2p-GFP 
were cultured in –Uracil+Thiamine MM and shifted to –Uracil-
Thiamine for 9 hours at 24°C, and imaged with an epifluorescence 
microscope. 
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Figure 4. Overexpression of Cdr2p-Rng2p fusion fails to restore 
medial Rng2p localization in mid1 mutants.!
mid1-18 nmt42-GFP-Cdr2p-Rng2p, 24°C, 9h induction!
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As presented in the previous sections, Gab-GFP binding based strategy can 
be powerful in protein targeting. A strain expressing Cdr2p-Gab-mCherry 
was generated, which localized to medial nodes in interphase, similar to 
the localization of Cdr2p-GFP in wild-type cells (Figure 5A). This strain 
was further tested to analyze if Cdr2p-Gab could target GFP fused proteins 
of interest to the medial cortex through Gab-GFP binding. Strikingly, all 
six cytokinetic node proteins tested (Rng2p, Cdc4p, Myo2p, Rlc1p, 
Cdc15p and Cdc12p) successfully co-localized with Cdr2p-Gab-mCherry 
in the medial nodes (Figure 5B) (Chang et al., 1997; Chang et al., 1996; 
Eng et al., 1998; Fankhauser et al., 1995; Hill et al., 1996; Kitayama et al., 
1997; McCollum et al., 1995; Motegi et al., 2000; Nurse and Thuriaux, 
1980; Padmanabhan et al., 2011). The fluorescence distribution of the GFP 
fusions along the cell long axis was quantified and is shown in Figure 5C. 
The distribution pattern of GFP-Myo2p in interphase was altered from a 
dispersed cytosolic localization (Wild-type, Figure 5C first panel) to a 
medial node-like accumulation (Cdr2p-Gab, Figure 5C second panel). The 
medial trough in the first panel is due to nuclear exclusion of Myo2p. The 
other GFP fusions showed similar medial localization patterns in the 
presence of Cdr2p-Gab, although Rng2p-GFP and Cdc12p-GFP exhibited 
higher background fluorescence. These non-canonical nodes established 
by binding of GFP-fused ring proteins to Cdr2p-Gab will henceforth be 
referred to as “rewired nodes”. These experiments thus established a 
targeting system in which a protein of interest fused to GFP could be 
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targeted to the medial cortex by its binding to Gab-fused Cdr2p. 
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Figure 5. Cdr2p-Gab-mCherry targets GFP fusions to the medial cortex. 
(A) Images of cells expressing Cdr2p-GFP and Cdr2p-Gab-mCherry. 
Cdr2p is detected in medial nodes in interphase cells. Cells were 
imaged with a spinning disk confocal microscope; DIC (left) and 
maximum-intensity projections of Z stacks (right) are shown.  
(B) Images of cells co-expressing Cdr2p-Gab-mCherry and GFP fusions 
including Rng2p, Cdc4p, Myo2p, Rlc1p, Cdc15p and Cdc12p. Cdc4p-
GFP was expressed under control of the thiamine repressible nmt41 
promoter and the rest of the proteins were expressed under control of 
their native promoter sequence. Cells were imaged with a spinning 
disk confocal microscope; maximum-intensity projections of Z-stacks 
are shown. 
(C)  Fluorescence intensity plots within individual cells showing a medial 
localization pattern of the GFP-fused actomyosin ring proteins in the 
presence of Cdr2p-Gab-mCherry during interphase. The top panel 
shows interphase wild-type cells expressing GFP-Myo2p, in which the 
GFP fluorescence is observed in dispersed cytosolic structures, except 
in the cell middle, due to the nuclear exclusion of Myo2p. The rest of 
the panels show interphase wild-type cells co-expressing Cdr2p-Gab-
mCherry and GFP fusions of Myo2p, Cdc4p, Rlc1p, Cdc15p, Cdc12p 
or Rng2p. X axis: cell long axis, with 0 and 1 marking opposite poles; 
Y axis: relative GFP intensity from sum projection of confocal Z-
stacks. Datasets of 10 cells are shown in each graph. 











































Figure 5. Cdr2p-Gab-mCherry targets GFP fusions to the medial cortex.!
X-GFP! Cdr2p-Gab-mCh!
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3.2.2 Medial targeting of Rng2p rescued mid1 mutants  
 
Next, it was important to test if Mid1p was dispensable for medial ring 
assembly when Rng2p was artificially targeted to the medial cortex. Both 
the deletion mutant (mid1Δ) and the temperature sensitive mutant (mid1-
18) were rescued upon co-expression of Cdr2p-Gab-mCherry and Rng2p-
GFP (Figure 6A), but were not rescued upon expression of only Cdr2p-
Gab-mCherry or Rng2p-GFP alone (data not shown). Approximately 70% 
of the mid1Δ and 85% of the mid1-18 cells divided medially in the 
presence of Cdr2p-Gab and Rng2p-GFP, as estimated from the 
morphology of cells stained with the septum binding dye, aniline blue 
(Figure 6B). Although Cdr2p leaves the medial region during mitosis in 
wild-type cells, it appeared to remain in the nodes and the rings, 
potentially by binding to Rng2p-GFP in the rewired cells (Figure 6C). This 
indicated that the Gab-GFP interaction led to artificial retention of Cdr2p 
on the medial cortex during mitosis. 
 
Since the mid1Δ mutant spontaneously accumulated suppressors, the 
temperature sensitive allele mid1-18 was used in subsequent experiments. 
Although mid1-18 mutant displayed severe defects in actomyosin ring 
assembly and septum positioning at restrictive temperature 
(Balasubramanian et al., 1998), it was possible that Mid1-18p merely lost 
its ability to localize but remained a functional protein. Previous studies 
also pointed out that Rng2p and Cdc4p were required to stabilize Mid1p 
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on the cortex (Laporte et al., 2011). It was possible that medially rewired 
Rng2p-GFP redirected the mislocalized but functional Mid1-18p to the 
medial region, contributing to medial ring assembly in the rewired cells. 
To rule out this possibility, I checked the localization of Mid1-18p-GFP 
both in the presence and absence of Cdr2p-Gab-mCherry. Figure 6D 
shows that Mid1-18p-GFP was not detectable by fluorescence microscopy 
at 36°C in either nodes or rings, even in the presence of Cdr2p-Gab, 
indicating that the stability of Mid1-18p protein might be altered at 36°C. 
As a result, cells co-expressing Cdr2p-Gab-mCherry and Mid1-18p-GFP 
were unable to divide medially at restrictive temperature (Figure 6D). 
Notwithstanding, these experiments revealed that the effect of rescue of 
mid1-18 by co-expression of Cdr2p-Gab-mCherry and Rng2p-GFP was 
not due to redirection of Mid1-18p to medial nodes. 
 
The process of contractile ring assembly in rewired cells was then 
analyzed by time-lapse microscopy. As shown in Figure 6E, Rng2p nodes 
in rewired cells compacted into a contractile ring, although the timing of 
compaction was delayed compared to wild-type cells in which rings 
assemble and compact early in metaphase. Nevertheless, this experiment 
suggested that once localized to the medial cortex (independent of Mid1p), 
Rng2p was able to recruit all essential cytokinesis components to cortical 




From the findings in chapter 3.1.2, it is evident that targeting Mid1p-GFP 
to cell poles by Tea1p-Gab-mCherry in wild-type cells leads to severe 
septum positioning defects (Figure 2). Hence to assess the effect of 
targeting Rng2p to the poles, wild-type cells were examined in which 
Rng2p-GFP was targeted to cell poles by Tea1p-Gab-mCherry. 
Interestingly, wild-type cells co-expressing Tea1p-Gab-mCherry and 
Rng2p-GFP divided normally at the middle (data not shown), suggesting 
that in the presence of Mid1p, ectopically located Rng2p could not recruit 
essential cytokinetic components for ring assembly. It was likely that some 
Rng2p still localized to the medial region and was sufficient to support 
ring assembly through the Mid1p pathway. 
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Figure 6. Medial targeting of Rng2p rescued mid1 mutants. 
(A) Division septum positioning defects in mid1Δ and mid1-18 were 
corrected by medial targeting of Rng2p. Wild-type (WT), mid1Δ, 
mid1Δ Cdr2p-Gab-mCherry Rng2p-GFP cells were harvested at 24°C,  
mid1-18 and mid1-18 Cdr2p-Gab-mCherry Rng2-GFP cells were 
harvested after overnight shift from 24°C to 36°C. All harvested cells 
were fixed and stained with DAPI and AB, and imaged with an 
epifluorescence microscope. 
(B)  Quantification of the rescue of mid1Δ and mid1-18 by medial 
targeting of Rng2p. The relative proportions of cells without septa 
(shown as green bars, including interphase cells and mitotic cells 
before forming septa), with normal septa (shown as yellow bars) and 
with abnormal septa (shown as blue bars) were quantitated. Mean 
relative proportion of each category from three independent 
experiments is shown (N>797 for each strain in each experiment).  
(C)  Images of cells showing medial rings and nodes in rewired mid1Δ and 
mid1-18 cells. Green: Rng2-GFP, Red: Cdr2p-Gab-mCherry. Cells 
were imaged with a spinning disk confocal microscope; maximum-
intensity projections of Z-stacks are shown. 
(D) Mid1-18p was not detectable at restrictive temperature. Cells 
expressing Mid1-18p-GFP and Mid1-18p-GFP Cdr2p-Gab-mCherry 
were cultured at 24°C or shifted from 24°C to 36°C for 10 hours, 
imaged with a spinning disk confocal microscope at 24°C and 36°C, 
respectively. Mid-log phase cells were harvested, fixed and stained 
with DAPI and AB and imaged with a epifluorescence microscope. (i) 
Mid1-18p-GFP at 24°C and 36°C (ii) Mid1-18p-GFP Cdr2p-Gab-
mCherry at 24°C and 36°C, and (iii) images of cells showing inability 
of Cdr2p-Gab-mCherry to rescue Mid1-18-GFP. 
(E) Time-lapse imaging of actomyosin ring assembly in rewired cells. 
mid1-18 Cdr2p-Gab-mCh Rng2p-GFP mCh-Atb2p cells were shifted 
from 24°C to 36°C for 10 hours and imaged with a spinning disk 
confocal microscope. Red: mCherry-Atb2p; Green: Rng2p-GFP. 
Maximum-intensity projections of Z-stacks are shown. 
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Figure 6. Medial targeting of Rng2p rescued mid1 mutants. 
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3.2.3 Medial actomyosin ring assembly does not require ring 
components to assemble in an invariant order 
 
Previous studies have suggested that actomyosin ring components arrive at 
the division site in a defined order (Laporte et al., 2011; Wu et al., 2003). 
To assess if this invariant order of assembly is essential for node 
organization and ring assembly, other cytokinetic proteins were 
synthetically targeted to the medial cortex, which might also lead to Mid1p 
independent medial ring assembly. 
 
3.2.3.1 A screen for medially targeted cytokinetic proteins that 
rewired medial cell division 
 
GFP fusions of 10 different actomyosin ring components (Rng2p, Cdc12p, 
Myo2p, Rlc1p, Adf1p, Myp2p, Cdc15p, Ain1p, Cyk3p and Spn1p) (An et 
al., 2004; Bezanilla et al., 1997; Mulvihill and Hyams, 2003; Nakano and 
Mabuchi, 2006; Pollard et al., 2012; Wu et al., 2001) were individually 
targeted to the medial cortex through Cdr2p-Gab-mCherry in the mid1-18 
mutant background. In addition to Rng2p medial targeting, targeting 
Cdc12p and Myo2p to the division site via Cdr2p-Gab-mCherry also led to 
medial division (Figure 7A). Medial targeting of the other 7 proteins failed 
to correct the septum positioning defects in mid1-18 mutant at 36°C.  
 
To evaluate the ability / inability of rewired nodes to rescue mid1-18, each 
of the strains were quantified for the proportion of cells with no septum 
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(during interphase or early mitosis), normal septum (medial septum) and 
abnormal septum (off-centered septum or multi-septa in multinucleated 
cells) (Figure 8A). Up to 80% of cells in Rng2p, Cdc12p and Myo2p 
rewired cells divided successfully, whereas the majority of the other 
strains accumulated cells with abnormal septa. Cells in which Myp2p or 
Rlc1p was medially targeted seemed to be partially rescued according to 
the quantification shown in Figure 8A. Hence only binuclear cells were 
scored considering the location of the division septum (Figure 8B). 
Binuclear cells were categorized into three groups, with septum placed in 
region A (medial), region B (off-centered) and region C (across the long 
axis). This experiment and the accompanying statistical analysis (Table 5) 
confirmed that medial targeting of Rng2p, Cdc12p or Myo2p (red group in 
Table 5) was sufficient to allow medial septum assembly in cells defective 
in mid1. On the contrary, medial targeting of Myp2p, Rlc1p, Ain1p, 
Cdc15p, Spn1p, Adf1p or Cyk3p (blue group in Table 5) was not able to 
support medial septum assembly independent of Mid1p. 
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Figure 7. mid1-18 is rescued by medial targeting of Rng2p, Cdc12p and 
Myo2p, but not other cytokinetic proteins. 
(A) Wild-type cells expressing Cdr2p-Gab-mCherry, mid1-18 cells 
expressing Cdr2p-Gab-mCherry, and mid1-18 cells expressing Cdr2p-
Gab-mCherry and Rng2p-GFP/Cdc12p-GFP/GFP-Myo2p/Rcl1p-
GFP/Adf1-GFP/Myp2p-GFP/Cdc15p-GFP/Ain1p-GFP/Cyk3p-
GFP/Spn1p-GFP were shifted from 24°C to 36°C overnight, fixed and 
stained with DAPI and AB, and imaged with an epifluorescence 
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Figure 7. mid1-18 is rescued by medial targeting of Rng2p, Cdc12p 
and Myo2p, but not other cytokinesis proteins.!
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Figure 8. mid1-18 is rescued by medial targeting of Rng2p, Cdc12p or 
Myo2p. 
(A) Division septum positioning defects in mid1-18 were corrected by 
medial targeting of Rng2p, Cdc12p and Myo2p, respectively, but not 
by medial targeting of 7 other proteins (Myp2p, Rlc1p, Ain1p, 
Cdc15p, Spn1p, Adf1p and Cyk3p). Cells were harvested after 
overnight shift from 24°C to 36°C and were fixed and stained with 
DAPI and aniline blue, and imaged with an epifluorescence 
microscope. The proportion of cells without septa (shown as green 
bars), normal septa (shown as yellow bars) and abnormal septa (shown 
as blue bars) were quantitated. Mean percentage of each category from 
three independent experiments is shown (N>520 for each strain in each 
experiment).  
(B) Division septum positioning defects in mid1-18 were largely corrected 
by medial  and individual targeting of Rng2p, Cdc12p and Myo2p, but 
not significantly improved by medial targeting of 7 other proteins 
(Myp2p, Rlc1p, Ain1p, Cdc15p, Spn1p, Adf1p and Cyk3p). Cells were 
harvested after overnight shift from 24°C to 36°C and were fixed and 
stained with DAPI and aniline blue, and imaged with an 
epifluorescence microscope. The proportions of binucleated cells with 
septa placed in the middle (region A), off-centred (region B) and 
across the cell (region C) were quantitated. Mean percentage of each 
category from three independent experiments is shown. Error bars 
show mean STDEV of three independent experiments (N>45 for each 
strain in each experiment). The proportions of cells with septa placed 
in region A in each strain was paired with that of each other for two-
sample t-test in Microsoft Excel and the p-values obtained are shown 
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Figure 8. mid1-18 is rescued by medial targeting of Rng2p, Cdc12p 
or Myo2p. 
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Table 5. Paired two-sample t-test for region A among strains listed in 
figure S1: tail 2, type 3 
 
*WT: wild-type cells; mid1-18: mid1-18 cells expressing Cdr2p-Gab-mCherry; Rng2p: 
mid1-18 cells co-expressing Cdr2p-Gab-mCherry and Rng2p-GFP (the same applies for 
Myp2p, Rlc1p, Ain1p, Cdc15p, Spn1p, Adf1p and Cyk3p). 
 
p-value>0.05 (highlighted in bold) indicates that the two samples being compared are not 
significantly different. Based on the p-value table, WT is unique from all other strains. 
Rng2p, Cdc12p and Myo2p tend to form one cluster (red), and mid1-18 seems to form a 
second cluster with Myp2p, Rlc1p, Ain1p, Cdc15p, Spn1p, Adf1p and Cyk3p (blue).  
  
 WT mid1-18* Rng2p Cdc12p Myo2p Myp2p Rlc1p Ain1p Cdc15p Spn1p Adf1p Cyk3p 
WT*  0.000620 0.000469 0.000008 0.000127 0.000153 0.000048 0.000790 0.000027 0.000085 0.000618 0.000009 
mid1-18* 0.000620  0.000477 0.001804 0.000415 0.032927 0.002778 0.216702 0.018415 0.189840 0.780062 0.021712 
Rng2p* 0.000469 0.000477  0.058298 0.109853 0.003162 0.002748 0.009751 0.000672 0.000586 0.004489 0.000241 
Cdc12p 0.000008 0.001804 0.058298  0.012360 0.001434 0.000774 0.005546 0.000246 0.000364 0.002923 0.000073 
Myo2p 0.002652 0.000420 0.125840 0.040923  0.009965 0.017503 0.021102 0.002925 0.001166 0.008037 0.001285 
Myp2p 0.004234 0.043300 0.013889 0.014326 0.009965  0.166834 0.584198 0.800561 0.020355 0.112044 0.483750 
Rlc1p 0.001657 0.002790 0.006417 0.008668 0.017503 0.166834  0.151114 0.062743 0.004609 0.033367 0.023828 
Ain1p 0.011101 0.255195 0.037088 0.031253 0.021102 0.584198 0.151114  0.665865 0.082912 0.273990 0.875824 
Cdc15p 0.001261 0.018592 0.002325 0.004698 0.002925 0.800561 0.062743 0.665865  0.015937 0.114542 0.546918 
Spn1p 0.003326 0.215235 0.006094 0.007251 0.001166 0.020355 0.004609 0.082912 0.015937  0.523848 0.019151 
Adf1p 0.009897 0.789027 0.024775 0.022405 0.008037 0.112044 0.033367 0.273990 0.114542 0.523848  0.149817 
Cyk3p 0.000464 0.022997 0.000485 0.001895 0.001285 0.483750 0.023828 0.875824 0.546918 0.019151 0.149817  
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3.2.3.2 Cdc12p and Myo2p rewired nodes assembling into 
medial actomyosin rings  
 
Time-lapse microscopy was performed to examine the process of 
contractile ring assembly in rewired cells expressing Cdc12p-GFP or GFP-
Myo2p at 36°C. In mid1-18 cells co-expressing Cdr2p-Gab-mCherry and 
Cdc12p-GFP, both Cdc12p-GFP and Cdr2p-Gab-mCherry established 
medial nodes that co-localized, which gradually compacted into a medial 
contractile ring (Figure 9A). When mCherry-Atb2p was introduced as a 
cell cycle marker, it became apparent that Cdc12p-GFP nodes established 
precociously in interphase, but formed a full ring only in late anaphase 
(Figure 9B). The timing of ring assembly in the rewired cell was delayed 
compared to that in wild-type cells in which rings are formed in early 
metaphase. Similar observations were made upon time-lapse microscopy 
in mid1-18 cells co-expressing Cdr2p-Gab-mCherry and GFP-Myo2p 
(Figure 10). The GFP-Myo2p nodes were precociously established in 
interphase, compacted into a medial ring and contracted late in anaphase. 
Since ring assembly seemed to be delayed in all three rewired strains (via 
medial targeting of Rng2p, Cdc12p and Myo2p), several possibilities have 
been explored in the subsequent chapters to understand the reason for such 
a delay. 
 
Some other medially targeted GFP fusions which failed to rescue mid1-18 
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at 36°C were also examined by time-lapse microscopy. For example, 
although both Rlc1p and Myp2p assembled into nodes via binding to 
Cdr2p-Gab-mCherry, they failed to condense into contractile rings in the 
middle (Figure 11A & Figure 11B). This suggested that these proteins 
were either incapable of organizing rest of the ring components into nodes 
or could not support proper actomyosin ring assembly. In the case of cells 
co-expressing Cdc15p-GFP and Cdr2p-Gab-mCherry, although medial 
nodes were established in interphase cells at 24°C (Figure 5B & Figure 
5C), these nodes disappeared in the first three hours of temperature shift to 
36°C, and reestablished later as a broad band along the cortex extending to 
cell poles (Figure 11C). The broad band of rewired Cdc15p nodes could 
not assemble into a compact actomyosin ring in the middle of the cell at 
36°C. 
 
It is not clear what unique properties of Rng2p, Cdc12p and Myo2p enable 
them to organize medial rings in the absence of Mid1p. Interestingly, ring 
assembly in mid1 mutants does not proceed from a series of medial 
cortical nodes; rather they assemble from random locations from bundles / 
strands of F-actin and other ring components (Bahler et al., 1998; Wu et 
al., 2003). These studies with rewired cells established that Mid1p itself is 
not required for compaction of node-localized actomyosin ring 
components into a ring. Instead, my work suggests that once actomyosin 
ring components assemble into nodes, they likely utilize a search-capture-
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pull-release like mechanism for ring assembly, even without Mid1p. 
Importantly, these experiments revealed that a strict order of accumulation 
of ring proteins at the division site is not essential for the assembly of a 




Figure 9. Rewired Cdc12p nodes compact into rings. 
(A) Time-lapse imaging of actomyosin ring assembly in mid1-18 cells co-
expressing Cdr2p-Gab-mCherry and Cdc12p-GFP. Cells were shifted 
from 24°C to 36°C for 10 hours and imaged with a spinning disk 
confocal microscope. Maximum-intensity projections of Z-stacks are 
shown. 
(B)  Time-lapse imaging of actomyosin ring assembly in mid1-18 cells co-
expressing Cdr2p-Gab-mCherry, Cdc12p-GFP and mCherry-Atb2p. 
Cells were shifted from 24°C to 36°C for 10 hours and imaged with a 
spinning disk confocal microscope. Red: mCherry-Atb2p; Green: 
Cdc12-GFP. Maximum-intensity projections of Z-stacks are shown. 
Note that the Cdr2p-Gab-mCherry fluorescent signal is not observed 
due to the overwhelming strength of the fluorescent signal from 
mCherry-Atb2p. 
All scale bars=5 µm. 
 
  
Amid1-18 Cdr2-Gab-mCherry Cdc12p-GFP, 36°C 10h 
mid1-18 mCherry-Atb2p Cdr2p-Gab-mCh Cdc12p-GFP, 36°C 10h 
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Figure 10. Rewired Myo2p nodes compact into rings. 
(A) Time-lapse imaging of actomyosin ring assembly in mid1-18 cells co-
expressing Cdr2p-Gab-mCherry and GFP-Myo2p. Cells were shifted 
from 24°C to 36°C for 10 hours and imaged with a spinning disk 
confocal microscope. Maximum-intensity projections of Z-stacks are 
shown. 
(B)  Time-lapse imaging of actomyosin ring assembly in mid1-18 cells co-
expressing Cdr2p-Gab-mCherry, GFP-Myo2p and mCherry-Atb2p. 
Cells were shifted from 24°C to 36°C for 10 hours and imaged with a 
spinning disk confocal microscope. Red: mCherry-Atb2p; Green: 
GFP-Myo2p. Maximum-intensity projections of Z-stacks are shown. 
Note that the Cdr2p-Gab-mCherry fluorescent signal is not observed 
due to the overwhelming strength of the fluorescent signal from 
mCherry-Atb2p. 
All scale bars=5 µm. 
 
  
Amid1-18 Cdr2p-Gab-mCherry GFP-Myo2p, 36°C 10h 
mid1-18 mCherry-Atb2p Cdr2p-Gab-mCherry GFP-Myo2p, 36°C 10h 
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Figure 11. Rewired Rlc1p, Myp2p and Cdc15p nodes fail to compact into 
rings. 
(A) (B)(C) Time-lapse imaging of mid1-18 cells co-expressing Cdr2p-Gab-
mCherry, mCherry-Atb2p and Rlc1p-GFP/Myp2p-GFP/Cdc15p-GFP. 
Cells were shifted from 24°C to 36°C for 3hours or 10 hours and 
imaged with a spinning disk confocal microscope. Red: mCherry-
Atb2p; Green: Rlc1p-GFP/Myp2p-GFP/Cdc15p-GFP. Maximum-
intensity projections of Z-stacks are shown. Note that the Cdr2p-Gab-
mCherry fluorescent signal is not observed due to the overwhelming 





mid1-18 mCherry-Atb2p Cdr2-Gab-mCherry Cdc15p-GFP, 36°C 3h & 10h 
mid1-18 mCherry-Atb2p Cdr2p-Gab-mCherry Rlc1p-GFP, 36°C 10h 
mid1-18 mCherry-Atb2p Cdr2p-Gab-mCherry Myp2p-GFP, 36°C 10h 
C
Figure 11. Rewired Rlc1p, Myo2p and Cdc12p nodes fail to 




3.2.4 Rewired nodes corrected septum positioning defects in plo1 
mutant 
 
The fission yeast polo-family protein kinase functions upstream of Mid1p 
and phosphorylates Mid1p in early mitosis, leading to activation of Mid1p 
function in actomyosin ring positioning (Almonacid et al., 2011; Bahler et 
al., 1998; Mulvihill and Hyams, 2002). At 36°C, the temperature sensitive 
allele plo1-1 of polo kinase in fission yeast exhibits cell cycle defects as 
well as septum positioning defects, similar to mid1 mutants. Since mid1 
mutants were rescued by co-expression of Cdr2p-Gab and GFP fusions 
with key ring proteins (Rng2p, Myo2p and Cdc12p), it seemed plausible 
that the co-expression of Cdr2p-Gab and these GFP fusions would rescue 
plo1-1 as well. Subsequent analysis showed that the septum placement 
defects of plo1-1 were greatly suppressed upon co-expression of Cdr2p-
Gab and GFP fusions (Figure 12A; data shown for Cdc12p-GFP). While 
80% of the binucleated plo1-1 cells assembled septa non-medially, the 
proportion was reduced to 40% in plo1-1 cells co-expressing Cdr2p-Gab-
mCherry and Cdc12p-GFP (Figure 12B). These experiments suggest that 
the role of Plo1p in division septum positioning functions through Mid1p 
and thus can be bypassed by rewiring key cytokinetic nodes.  
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Figure 12. Septum positioning defects in plo1-1 is largely corrected by 
rewiring Cdc12p. 
(A) (B) Division septum positioning defects in plo1-1 were corrected by 
medial targeting of Cdc12p. plo1-1 and plo1-1 Cdr2p-Gab-mCherry 
Cdc12p-GFP cells were harvested 8 hours following the shift from 
24°C to 36°C and were fixed and stained with DAPI and AB, and 
imaged with an epifluorescence microscope. The proportions of cells 
with septa placed in the middle (region A), off-centered (region B) and 
across the cell (region C) were quantitated. Error bars show mean 
STDEV of three independent experiments (N>127 for each strain in 













Figure 12. Septum positioning defects in plo1-1 is largely corrected 
by rewiring Cdc12p. 
plo1-1 plo1-1 Cdr2p-Gab-mCh Cdc12p-GFP 
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3.2.5 Mid1p plays multiple roles in fission yeast cytokinesis  
 
Synthetic targeting has demonstrated a useful strategy to understand 
complex cellular events. If cellular machinery can be synthetically 
redesigned, it could help to reveal the essential elements required for a 
specific function. However, through the use of a synthetic approach 
specific features of a system maybe altered allowing a greater 
understanding of how specific elements fit in the system. In my synthetic 
rewiring study, it was possible to restore medial cell division independent 
of Mid1p, but the rewired system delayed actomyosin ring assembly. 
Therefore, I investigated node organization and ring assembly in detail by 
comparing the Mid1p independent rewired system to the Mid1p dependent 
pathway. 
 
3.2.5.1 Actomyosin ring assembly was delayed in rewired cells 
 
Time-lapse microscopy analysis was carried out (Figure 6E, Figure 9B & 
Figure 10B), to observe actomyosin ring assembly in late anaphase in the 
rewired cells. To further assess the timing of ring assembly in the rewired 
cells, immunofluorescence staining was performed with α–Abs against 
Cdc4p and γ-Tubulin to quantify the percentage of Cdc4p rings in rewired 
cells (via medial targeting of Cdc12p) of different spindle lengths. Based 
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on DAPI, γ-Tubulin and Cdc4p staining in cells shown in Figure 13A, 
Cdc4p rings were observed in most rewired anaphase cells (spindle length 
>3µm) and cells with post anaphase array (PAA) (broken spindle, no 
septum), but were rarely found in rewired metaphase cells (spindle length 
<3µm). This experiment, using Cdc4p as a marker for actomyosin rings, 
confirmed the ring assembly delay in rewired cells. 
 
In order to assess the timing of ring assembly in rewired cells, and the 
potential impact of rewiring in wild-type cells quantitatively, the 
percentage of Rng2p rings in live cells with short spindle (<3µm), 
intermediate spindle (3-7µm) and long spindle (>7µm) (Figure 13B) was 
estimated. At 36 °C, in both WT (wild-type cells co-expressing Rng2p-
GFP and mCh-Atb2p) and WT + Rewire (wild-type cells co-expressing 
Cdr2p-Gab-mCh, Rng2p-GFP and mCh-Atb2p) cells, approximately 65% 
of cells with short spindles had Rng2p rings, and the numbers reached 
almost 100% in cells with intermediate and long spindles. This suggests 
that synthetically rewired Rng2p nodes do not delay actomyosin ring 
assembly in wild-type cells with normal Mid1p function. However, in 
mid1-18 cells co-expressing Cdr2p-Gab-mCh, Rng2p-GFP and mCh-
Atb2p grown at 36 °C, Rng2p rings were present in only ~15% of cells 
with short spindles, ~60% of cells with intermediate spindles and ~80% of 
cells with long spindles. These experiments further confirm a delay of 
actomyosin ring assembly in the mid1-18 rewired cells. 
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Figure 13. Actomyosin rings assemble late in rewired cells. 
(A) Images of cells with Cdc4p rings in rewired cells. mid1-18 cells co-
expressing Cdr2p-Gab-mCherry Cdc12p-GFP mCherry-Atb2p were 
shifted from 24°C to 36°C for 10 hours, fixed and stained with DAPI 
(blue), TAT (anti-γ-Tubulin, red) and anti-Cdc4p (green), and imaged 
with an epifluorescence microscope. Scale bar=5 µm. 
(B) Quantification of the timing of ring assembly in rewired cells. Wild-
type cells co-expressing Rng2p-GFP mCherry-Atb2p (WT), wild-type 
and mid1-18 cells co-expressing Cdr2p-Gab-mCherry Rng2p-GFP 
mCherry-Atb2p (WT+Rewire, mid1-18+Rewire) were shifted from 
24°C to 36°C for 10 hours, and imaged with a spinning disk confocal 
microscope at 36°C. The percentages of Rng2p-GFP rings were 
counted in cells with short spindle (<3 µm), intermediate spindle (3-7 
µm) and long spindle (>7 µm). Mean percentage of each category from 
three independent experiments is shown. Error bars show mean 
STDEV of three independent experiments (N>58 for each strain in 
each experiment). 
All scale bars=5 µm. 
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3.2.5.2 SIN was required for actomyosin ring assembly in 
rewired cells 
 
The timing of ring assembly in rewired cells coincides with that of the 
activation of the Septation Initiation Network (SIN). Previous studies have 
shown that SIN is required to regulate the maturation and constriction of 
actomyosin ring but is not required for ring assembly (Krapp and Simanis, 
2008). Hence the requirement of SIN for ring assembly in rewired cells 
was analyzed. Sid1p and Sid2p are essential members of the Septation 
Initiation Network (Guertin et al., 2000; Jin et al., 2006; Sparks et al., 
1999). The analog (3MB-PP1) sensitive allele sid1Δ sid1.as (a generous 
gift from Dr. James Moseley) was introduced in Myo2p rewired strain and 
imaged with a spinning disk confocal microscope. Consistent with current 
knowledge, in these cells, Myo2p assembled into a narrow band of nodes 
which coalesced into a ring at 24°C under the guidance of Mid1p, and 
eventually collapsed due to the inactivation of Sid1p (Figure 14A (i)). The 
same strain failed to assemble into any nodes or ring structure at 36°C due 
to the inactivation of both Mid1p and Sid1p (Figure 14A (i)). In the 
Myo2p rewired cells at 36°C (Figure 14A (ii)), Myo2p established a 
medial band of nodes, but did not assemble into rings upon inactivation of 
Sid1p. The synthetically rewired nodes stayed on the medial cortex 
throughout mitosis and no structural changes were observed. 
 
Similar results were observed in Cdc12p and Rng2p rewired cells. The 
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analog sensitive allele sid2.as (a generous gift from Dr. Agnes Grallert) 
was introduced to Cdc12p and Rng2p rewiring strains and were imaged 
with a spinning disk confocal microscope at 36°C. The majority of rewired 
Cdc12p nodes and Rng2p failed to compact into actomyosin rings (Figure 
14B). These results suggested that SIN was required for rewired nodes to 
coalesce into actomyosin rings. Therefore, the rewired cytokinetic nodes 
and the Mid1p based canonical cytokinetic nodes were different in terms 
of the ability/inability to assemble into actomyosin rings in metaphase 
before SIN activation. Interestingly, rewired Rng2p nodes seemed to 
undergo some structural change towards assembling into rings in the 
absence of Sid2p activity (Figure 14B(ii)), unlike rewired Myo2p nodes 
(Figure 14A(ii)) or Cdc12p nodes (Figure 14B(i)) that remained 
unchanged, indicating that rewired Rng2p nodes are more similar to 
canonical cytokinetic nodes established by Mid1p. 
 
To summarize, SIN is required for ring assembly from the rewired nodes 
whereas canonical nodes established by Mid1p could self-assemble into 
rings, although the latter still requires SIN for maturation and constriction. 
The requirement of SIN for rewired ring assembly might be due to several 
possibilities. First, other components of actomyosin ring might not have 
been efficiently recruited to the medial cortex by rewired nodes in the 
absence of Mid1p, and thus delayed ring assembly. Alternatively but not 
exclusively, the dynamics of ring proteins might have been altered in 
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rewired cells, preventing effective interactions among ring proteins for 
timely assembly of the actomyosin ring. 
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Figure 14. SIN is required for actomyosin ring assembly in rewired cells. 
(C) Rewired Myo2p nodes requires SIN for ring assembly. mid1-18 sid1Δ 
sid1-as cells co-expressing GFP-Myo2p mCh-Atb2p and mid1-18 
sid1Δ sid1-as cells co-expressing GFP-Myo2p Cdr2p-Gab-mCh mCh-
Atb2p were shifted from 24°C to 36°C for 10 hours, incubated with 
10nM 3-MB-PP1 for 1 hour, harvested at 3000 rpm for 1 min, and 
mounted on slides with YES media pads containing 2% agarose and 10 
nM 3-MB-PP1, and imaged with a microLAMBDA spinning disk 
confocal microscope.  
(D) (C) Rewired Cdc12p and Rng2p nodes require SIN for ring assembly. 
mid1-18 sid2-as cells co-expressing Cdc12p-GFP Cdr2p-Gab-mCh 
mCh-Atb2p and mid1-18 sid2-as cells co-expressing Rng2p-GFP 
Cdr2p-Gab-mCh mCh-Atb2p were shifted from 24°C to 36°C for 10 
hours, incubated with 10nM 3-MB-PP1 for 1 hour, harvested at 3000 
rpm for 1 min, and mounted on slides with YES media pads containing 
2% agarose and 10 nM 3-MB-PP1, and imaged with a microLAMBDA 
spinning disk confocal microscope.  
All scale bars=5 µm. 
  
(i) mid1-18 GFP-Myo2p mCh-Atb2p sid1Δ sid1.as 




Figure 14. SIN is required for actomyosin ring assembly in rewired 
cells. 
B
(i) 36°C mid1-18 Cdc12p-GFP Cdr2p-Gab-mCh mCh-Atb2p sid2.as 






3.2.5.3 Actomyosin ring components were precociously 
recruited in rewired cells 
 
Previous studies have shown that Mid1p physically interacts with four 
cytokinesis node proteins: IQGAP-related Rng2p, myosin-II essential light 
chain Cdc4p, myosin-II heavy chain Myo2p, and F-bar protein Cdc15p 
(Almonacid et al., 2011; Laporte et al., 2011; Motegi et al., 2004; 
Padmanabhan et al., 2011). It was possible to synthetically and 
individually target Rng2p, Cdc12p and Myo2p to medial cortex for 
actomyosin ring assembly, but this approach has not been able to rewire 
ring assembly in metaphase. Hence I investigated if other actomyosin ring 
components were missing in the precociously rewired nodes at earlier 
stages, which might limit ring assembly in metaphase. mCherry fusions to 
Rng2p, Cdc12p, Rlc1p, Cdc15p and Ain1p were generated and introduced 
to the three rewired strains. Since Rng2p-mCherry and Cdc12p-mCherry 
fluorescence signals were too weak for imaging (data not shown), I 
focused on examining the localization of Rlc1p, Cdc15p and Ain1p in 
rewired cells.  
 
The myosin regulatory light chain Rlc1p was dispersed in the cytoplasm 
during interphase, and only accumulated in mitotic cells in the form of 
nodes and rings (Figure 15A) (Le Goff et al., 2000). In rewired cells co-
expressing Cdr2p-Gab (without mCherry) and Rng2p-GFP / Cdc12p-GFP 
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/ GFP-Myo2p, Rlc1p-mCherry was detected in nodes even in interphase 
cells (Figure 15B). These non-canonical Rlc1p nodes co-localized with 
rewired nodes that were bound to Cdr2p-Gab, suggesting that the 
recruitment of Rlc1p to rewired cytokinetic nodes were precociously 
established in interphase cells. 
 
Unlike Rlc1p, the PCH family protein Cdc15p localized to cell poles 
during interphase, and relocated to medial region to assemble the 
actomyosin ring during cytokinesis (Figure 16A) (Carnahan and Gould, 
2003; Wachtler et al., 2006). In rewired cells co-expressing Cdr2p-Gab 
(without mCherry) and Rng2p-GFP / Cdc12p-GFP / GFP-Myo2p, 
Cdc15p-mCherry was seen at medial region even in interphase cells, 
although the majority of Cdc15p were still present at cell poles (Figure 
16B). This result suggested that Cdc15p was partially recruited to rewired 
cytokinetic nodes during interphase.  
 
mCherry tagging on Ain1p caused minor septation defects in wild-type 
cells (Figure 17A). The phenotype was more severe in rewired cells co-
expressing Cdr2p-Gab (without mCherry) and Rng2p-GFP / Cdc12p-GFP 
(Figure 17B, first and second panels). However, in rewired cells co-
expressing Cdr2p-Gab (without mCherry) and GFP-Myo2p, Ain1p-
mCherry was detected in medial nodes in interphase cells, which co-
localized with Myo2p (Figure 17B, third panel). 
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These analyses reveal that some cytokinetic components are precociously 
established in rewired nodes, such as Rlc1p and Ain1p; or partially 
recruited, such as Cdc15p. Thus, the delay of actomyosin ring assembly in 
rewired cells is less likely due to the unavailability of at least these three 




Figure 15. Rlc1p is precociously recruited to medial cortex in rewired 
cells. 
(A) Rlc1p localization in wild-type cells. Wild-type cells co-expressing 
Rlc1p-mCherry were grown to mid-log phase and imaged with a 
microLAMBDA spinning disk confocal microscope. Maximum-
intensity projections of Z-stacks are shown.  
(B)  Rlc1p localization in rewired cells. Wild-type cells co-expressing 
Rlc1p-mCherry Cdr2p-Gab Rng2p-GFP/Cdc12p-GFP/GFP-Myo2p 
were grown to mid-log phase and imaged with a microLAMBDA 
spinning disk confocal microscope. Maximum-intensity projections of 
Z-stacks are shown.  









Figure 15. Rlc1p is precociously recruited to medial cortex in 
rewired cells 
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Figure 16. Cdc15p is precociously recruited to medial cortex in rewired 
cells. 
(A) Cdc15p localization in wild-type cells. Wild-type cells co-expressing 
Cdc15p-mCherry were grown to mid-log phase and imaged with a 
microLAMBDA spinning disk confocal microscope. Maximum-
intensity projections of Z-stacks are shown.  
(B)  Rlc1p localization in rewired cells. Wild-type cells co-expressing 
Cdc15p-mCherry Cdr2p-Gab Rng2p-GFP/Cdc12p-GFP/GFP-Myo2p 
were grown to mid-log phase and imaged with a microLAMBDA 
spinning disk confocal microscope. Maximum-intensity projections of 
Z-stacks are shown.  
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Figure 17. Ain1p is precociously recruited to medial cortex in rewired 
cells 
(A) Ain1p localization in wild-type cells. Wild-type cells co-expressing 
Ain1p-mCherry were grown to mid-log phase and imaged with a 
microLAMBDA spinning disk confocal microscope. Maximum-
intensity projections of Z-stacks are shown.  
(B)  Ain1p localization in rewired cells. Wild-type cells co-expressing 
Ain1p-mCherry Cdr2p-Gab Rng2p-GFP/Cdc12p-GFP/GFP-Myo2p 
were grown to mid-log phase and imaged with a microLAMBDA 
spinning disk confocal microscope. Maximum-intensity projections of 
Z-stacks are shown.  









Figure 17. Ain1p is precociously recruited to medial cortex in 
rewired cell 
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3.2.5.4 Dynamics of Myo2p was altered in rewired cells 
 
From the previous section it appears that the delay of actyomyosin ring 
assembly was less likely due to the unavailability of cytokinetic 
components. Whether the turnover of node components was altered in 
rewired cells was yet to be investigated. Fluorescence Recovery After 
Photobleaching (FRAP) was thus performed to examine the dynamics of 
GFP-Myo2p in the presence and absence of Cdr2p-Gab-mCherry. In wild-
type cells, GFP-Myo2p showed a halftime recovery of 100 seconds during 
metaphase (Figure 18A). The montage in Figure 18A is an example of 
GFP-Myo2p fluorescence recovery after photobleaching in a metaphase 
wild-type cell. In metaphase rewired cells, GFP-Myo2p hardly recovered 
to 40% of its original intensity over 10 minutes (Figure 18B). GFP-Myo2p 
recovery in rewired cells was more rapid during anaphase and post 
anaphase stage (Figure 18C) when it started to assemble into a ring, yet 
not comparable to the recovery rate in wild-type cells. These data indicate 
reduced dynamics of Myo2p in rewired cells, which might partially 
account for the delay of actomyosin ring assembly. 
 
Two types of interphase nodes have been characterized in fission yeast S. 
pombe (Akamatsu et al., 2014). Type I nodes, including kinase Cdr1p, 
kinase Cdr2p and anillin-like Mid1p, form nodes on the cell cortex around 
the nucleus in G2 phase. Type II nodes, including protein Blt1p, guanosine 
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triphosphate exchange factor Gef2p and kinesin Klp8p, emerge from 
remnants of the contractile ring. Since Cdr2p is not conventionally in the 
ring network, it might have a negative impact on the existing cytokinetic 
protein interactions or dynamics in the rewired cell. It seemed possible that 
replacing Cdr2p-Gab with cytokinetic protein Blt1p-Gab might eliminate 
such potential negative impacts on the turnover of other cytokinesis 
proteins. Wild-type cells expressing Blt1p-Gab-mCherry were then 
generated and crossed to cells expressing Rng2p-GFP / Cdc12p-GFP / 
GFP-Myo2p. Unfortunately, although Blt1p-Gab-mCherry alone showed 
normal nodal localization in interphase cells (Figure 19A), it failed to 
build medial nodes in the presence of Rng2p-GFP / Cdc12p-GFP / GFP-
Myo2p (Figure 19B, data shown for Myo2p). Instead, abnormal 
aggregates of Blt1p-Gab-GFP-Myo2p were formed. As a result of 
unsuccessful establishment of rewired medial nodes, these cells could not 
restore medial cell division in mid1 mutants (data not shown). 
 
These data from FRAP experiments and Blt1p-Gab experiment 
collectively suggest that rewired nodes may affect the dynamics of 
actomyosin ring components (in the case of Cdr2p-Gab nodes) possibly 
leading to delay in ring assembly, or could not sustain a stable node 
architecture for ring assembly at all (in the case of Blt1p-Gab nodes). Thus 
it is likely that in the wild-type context, Mid1p is required for the 
organization of node proteins in a dynamic yet stable manner on the 
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medial cortex for the timely assembly of the actomyosin ring.  
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Figure 18. Myo2p turnover is reduced in the presence of Cdr2p-Gab. 
(A) Myo2p turnover in wild-type metaphase cells. Wild-type cells co-
expressing GFP-Myo2p mCh-Atb2p were grown to mid-log phase and 
imaged with a microLAMBDA spinning disk confocal microscope for 
FRAP. Maximum-intensity projections of Z-stacks are shown. The 
graph is the recovery curve generated from the average of three similar 
cells. 
(B) Myo2p turnover in rewired metaphase cells. mid1-18 cells co-
expressing Cdr2p-Gab-mCh GFP-Myo2p mCh-Atb2p were grown to 
mid-log phase and imaged with a microLAMBDA spinning disk 
confocal microscope for FRAP. Maximum-intensity projections of Z-
stacks are shown. The graph is the recovery curve generated from the 
average of three similar cells. 
(C)  Myo2p turnover in rewired anaphase cells. mid1-18 cells co-
expressing Cdr2p-Gab-mCh GFP-Myo2p mCh-Atb2p were grown to 
mid-log phase and imaged with a microLAMBDA spinning disk 
confocal microscope for FRAP. Maximum-intensity projections of Z-
stacks are shown. The graph is the recovery curve generated from the 
average of three similar cells. 
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Figure 19. Blt1p-Gab-mCh fails to bring GFP-Myo2p to medial nodes. 
(A) Blt1p-Gab-mCh localizes to nodes. Wild-type cells expressing Blt1p-
Gab-mCh were grown to mid-log phase and imaged with a 
microLAMBDA spinning disk confocal microscope. Maximum-
intensity projections of Z-stacks are shown.  
(B)  Blt1p-Gab-mCh fails to bring GFP-Myo2p to medial nodes. Wild-type 
cells co-expressing Blt1p-Gab-mCh GFP-Myo2p were grown to mid-
log phase and imaged with an epifluorescence microscope.  
All scale bars = 5 µm. 
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3.2.5.5 Mid1p was required for the dynamic coordination 
between nuclear and division site positions 
 
Several studies have shown that the position of the predivisional nucleus 
determines the position of actomyosin ring in fission yeast (Daga and 
Chang, 2005; Tagawa, 1980; Tolic-Norrelykke et al., 2005). In an 
important study, Daga et al have shown that alterations to nuclear position 
in late G2 (by artificial perturbation, such as centrifugation of cells to 
displace the nucleus) led to repositioning of the Mid1p nodes and the 
actomyosin ring (Daga and Chang, 2005). As the current results 
demonstrate, it is possible to bypass the requirement of Mid1p for medial 
ring assembly in rewired cells. In order to investigate if the nodes 
assembled in these cells were able to reposition the actomyosin ring, the 
nucleus was artificially displaced by centrifugation. Consistent with 
previous studies, in the wild-type cells co-expressing Cdc12p-3Venus and 
mCherry-Atb2p (Figure 20A), the actomyosin rings were repositioned to 
assemble at non-medial sites, following movement of the dividing nucleus 
(indicated by the short spindles). These cells divided asymmetrically due 
to actomyosin ring repositioning defects.  
 
In the mid1-18 cells co-expressing Cdr2p-Gab-mCherry Cdc12p-GFP and 
mCherry-Atb2p (Figure 20B) however, actomyosin rings were assembled 
in the cell center in spite of displacement of the dividing nuclei (indicated 
by the short spindle). This suggested that the rewired nodes were unable to 
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redirect actomyosin ring assembly to the new nuclear position. Curiously, 
the actomyosin ring was assembled at the cell center following nuclear 
displacement in the rewired mid1-18 cells co-expressing Cdr2p-Gab-
mCherry Cdc12p-GFP and mCherry-Atb2p even at the permissive 
temperature (Figure 20C). This result raised the possibility that the 
inability of the actomyosin ring to track the nucleus was a dominant effect 
due to the recruitment of actomyosin ring proteins to cortical nodes in 
interphase itself, unlike in wild-type cells (without the rewiring) in which 
the nodes assembled only upon entry into mitosis. Consistent with this 
prediction, the rings assembled in wild-type cells co-expressing Cdr2p-
Gab-mCherry Cdc12p-GFP / Rng2p-GFP and mCherry-Atb2p (Figure 
21A & 21B) did not track the nucleus. These experiments strongly 
suggested that canonical node-assembly via Mid1p is essential for the 
coordination of the ring position with that of the nucleus. In wild-type cells 
co-expressing Cdr2p-Gab-mCherry Cdc12p-GFP / Rng2p-GFP and 
mCherry-Atb2p, pre-existing non-canonical nodes may prevent interaction 
of Mid1p with ring proteins, which might be essential for the nuclear 
tracking function of Mid1p. This conclusion is consistent with previous 
work on the regulation of actomyosin ring positioning by Cdr2p and 
Mid1p (Tagawa, 1980), in which a mid1nsm mutant was found to be 




Figure 20. Mid1p is required for dynamic coordination of the nuclear and 
the actomyosin ring position. 
(A) Wild-type cells track the nucleus for ring assembly. Wild-type cells co-
expressing mCh-Atb2p Cdc12-3Venus were grown to mid-log phase 
and shifted to 36°C for 10 hours, treated with 0.5X MBC for 5 min, 
spun at 13,000 rpm for 10 min to displace the nuclei, and imaged with 
a spinning disk confocal microscope at 24°C and 36°C. Red: mCherry-
Atb2p; Green: Cdc12p-3Venus. Maximum intensity projections of Z-
stacks are shown. At least 3 cells similar to each montage shown were 
observed in this study.  
(B)  mid1-18 rewired cells do not track the nucleus for ring assembly. 
mid1-18 cells co-expressing mCh-Atb2p Cdr2p-Gab-mCh Cdc12-GFP 
were grown to mid-log phase and shifted to 36°C for 10 hours, treated 
with 0.5X MBC for 5 min, spun at 13,000 rpm for 10 min to displace 
the nuclei, and imaged with a spinning disk confocal microscope at 
24°C and 36°C. Red: mCherry-Atb2p (note that the Cdr2p-Gab-
mCherry fluorescent signal is not observed due to the overwhelming 
strength of the fluorescent signal from mCherry-Atb2p); Green: 
Cdc12p-GFP. Maximum intensity projections of Z-stacks are shown. 
At least 3 cells similar to each montage shown were observed in this 
study.  
All scale bars = 5 µm. 
 
  
A(i) 24°C Cdc12p-3Venus mCh-Atb2p 
(ii) 36°C Cdc12p-3Venus mCh-Atb2p 
B
(i) 36°C mid1-18 Cdc12p-GFP Cdr2p-Gab-mCh mCh-Atb2p 
(ii) 24°C mid1-18 Cdc12p-GFP Cdr2p-Gab-mCh mCh-Atb2p 
Figure 20. Mid1p is required for dynamic coordination of the 
nuclear and the actomyosin ring position. 
! 113!
Figure 21. Mid1p is required for dynamic coordination of the nuclear and 
the actomyosin ring position. 
(A) (B) Wild-type rewired cells do not track the nucleus for ring assembly. 
Wild-type cells co-expressing mCh-Atb2p Cdr2p-Gab-mCh Cdc12p-
GFP/Rng2p-GFP were grown to mid-log phase, treated with 0.5X 
MBC for 5 min, spun at 13,000 rpm for 10 min to displace the nuclei, 
and imaged with a spinning disk confocal microscope. Red: mCherry-
Atb2p (note the Cdr2p-Gab-mCherry fluorescent signal is not observed 
due to the overwhelming strength of the fluorescent signal from 
mCherry-Atb2p); Green: Cdc12p-GFP. Maximum intensity projections 
of Z-stacks are shown. At least 3 cells similar to each montage shown 
were observed in this study.  
All scale bars = 5 µm. 
  
AB
24°C Cdc12p-GFP Cdr2p-Gab-mCh mCh-Atb2p 
Figure 21. Mid1p is required for dynamic coordination of the 
nuclear and the actomyosin ring position. 
24°C Rng2p-GFP Cdr2p-Gab-mCh mCh-Atb2p 
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Figure 22. Graphical summary of Mid1p in S.pombe cytokinesis. 
(A)  Mid1p plays multiple roles in S. pombe cytokinesis. The first function 
is to provide a spatial cue for the localization of actomyosin ring 
components. In unperturbed wild-type cells, Mid1p positions the 
actomyosin ring in the cell center. The second function is to 
dynamically alter the location of the division site when the position of 
the nucleus is altered. The third function of Mid1p is in the timely 
assembly of the actomyosin ring in metaphase. Rewiring allows the 
division site to be correctly established in mid1 mutants, but the 
temporal and dynamical control of division site positioning and 
assembly are still defective in rewired cells. 
  
AFigure 22. Graphical summary of Mid1p in S.pombe cytokinesis. 
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1.3 Cell size sensing by Cdr2p and Pom1p !
Wild-type fission yeast cells are cylindrical in shape and maintain a width 
of 3-4 µm throughout the cell cycle. Newly formed cells usually grow to a 
cell length of 13-14 µm before commencing mitosis. Two models have 
been proposed to explain how S. pombe cells “sense” their size, both of 
which agree that Cdr2p serves as a read-out for cell size (Martin and 
Berthelot-Grosjean, 2009; Moseley et al., 2009; Pan et al., 2014). In the 
first model (Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009), it 
is hypothesized that Pom1p, an inhibitor for Cdr2p, acts as the direct 
sensor for cell length (Figure 23A). Pom1p forms a gradient emanating 
from the cell poles to the center. As cells grow longer, the intensity of 
Pom1p in the medial region reduces, releasing its inhibition on Cdr2p. 
Once Cdr2p activity reaches a critical point, Wee1p is inhibited, which in 
turn results in activation of Cdc2p and promotes mitotic progression. In 
the second model (Pan et al., 2014), it is proposed that Cdr2p directly 
senses cell surface expansion by universally binding to and unbinding 
from the entire cortical region, and subsequently storing the surface 
information via medial accumulation of Cdr2p nodes (Figure 23B). These 
nodes then serve as a read-out regulating mitotic entry through the same 
Cdr2p-Wee1p-Cdc2p pathway described above. The second model 
proposes that Pom1p merely functions to restrict Cdr2p nodes in the 
middle of the cell. Nevertheless, both models agree that medial Cdr2p is a 
dosage dependent read-out of cell growth and Pom1p acts as an inhibitor 
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of Cdr2p in this regulatory pathway. Manipulating Cdr2p and Pom1p 
localizations through the Gab-GFP based protein-targeting method 
appeared to be an efficient approach to test these hypotheses. This 
approach allows the synthetic increase or decrease of protein concentration 
at specific subcellular locations. If Pom1p or Cdr2p concentration in the 
medial region directly correlates with cell length at division, we can infer 
that Pom1p or Cdr2p qualifies to function as a sizer. 
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Figure 23. Illustration of size sensing and G2/M transition. 
(A) Model I: Pom1p serves as the sizer for cell growth. Pom1p forms a 
gradient emanating from the cell poles to the cell equator. Pom1p 
intensity decreases at the cell equator along with cell growth, gradually 
releasing its inhibition on Cdr2p (green for inactive and orange for 
active Cdr2p), which eventually activates Cdc2p for mitotic entry by 
inhibiting Wee1p. 
(B)  Model II: Cdr2p serves as the sizer for cell growth. Overall Cdr2p 
concentration remains unchanged, but actively binds to cell cortex and 
probes cell surface expansion through conformational changes (green 
to orange).  Activated Cdr2p (orange) accumulates at the cell equator 
in the form of nodes along with cell growth, which eventually activates 




Figure 23. Illustration of size sensing and G2/M transition.!
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3.3.1 Disrupting Cdr2p localization leads to G2 prolongation 
 
Cdr2p-GFP was detected in the medial region in the form of nodes (Figure 
24A), consistent with previous studies (Breeding et al., 1998; Morrell et 
al., 2004a; Tagawa, 1980; Wu et al., 2003). In cdr2Δ mutant, dividing cells 
were longer than wild-type dividing cells, indicating a prolonged G2 phase 
(Figure 24B). A strain that co-expressed Tea1p-Gab-mCherry and Cdr2p-
GFP was generated. As shown in Figure 24C (i), these cells grow to 
abnormally longer lengths, with Cdr2p nodes diffused on the cortex. This 
data supported previous models in that the medial Cdr2p functioned as the 
read-out of cell size growth, and that the Cdr2p nodes diffused in the non-
medial region were unable to regulate its downstream targets, such as 
Wee1p, probably due to the increased physical distance. Interestingly, the 
delay in mitotic entry was reversed by deleting the protein phosphatase 
Clp1p encoding gene in cells co-expressing Tea1p-Gab-mCherry and 
Cdr2p-GFP (Figure 24C(ii)). According to previous work (Clifford et al., 
2008; Mishra et al., 2005; Mishra et al., 2004; Trautmann et al., 2001), 
Clp1p signifies a cytokinesis checkpoint mechanism, which prolongs G2 
phase in cells under perturbed condition (e.g. cytokinesis failure). A 
specific relation between Clp1p function in G2 delay and the Cdr2p sensor 
pathway is currently not well understood. 
 
In order to examine the extent to which G2 phase was prolonged in cells 
with disrupted Cdr2p localization, the cell length at septation was 
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examined quantitatively in several yeast strains (Figure 24D). Wild-type 
cells and wild-type cells expressing only Cdr2p-GFP or Tea1p-Gab-
mCherry divided at 13-14 µm. Wild-type cells co-expressing Tea1p-Gab-
mCherry and Cdr2p-GFP divided at a striking length of 19 µm in average, 
longer than cdr2Δ cells which divided at approximately 17 µm. clp1Δ cells 
divided at a shorter cell length of 11.3 µm compared to wild-type cells. 
Finally, clp1Δ cells co-expressing Tea1p-Gab-mCherry and Cdr2p-GFP 
divided at around 13.5 µm, similar to wild-type cells. 
 
These experiments reveal the importance of medially located Cdr2p nodes 
as a faithful reporter for S. pombe cell size growth, and sheds light on the 
coordinated regulation of mitotic entry through multiple input signals. 
Quantitative analysis on Cdr2p concentration and cell length at division 
needs to be carried out to further assess Cdr2p as a sizer. 
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Figure 24. Disrupting Cdr2p localization leads to G2 prolongation. 
(A) Medial nodal localization of Cdr2p-GFP. Wild-type cells expressing 
Cdr2p-GFP were grown to mid-log phase and imaged with a confocal 
microscope. DIC (left) and maximum-intensity projections of Z stacks 
(right) are shown. 
(B)  G2 prolongation in cdr2Δ cells. Wild-type cells and cdr2Δ cells were 
fixed and stained with DAPI and AB, and imaged with an 
epifluorescence microscope. 
(C)  Disrupting Cdr2p localization leads to G2 prolongation. Wild-type 
cells and cl1pΔ cells co-expressing Tea1p-Gab-mCherry and Cdr2p-
GFP were grown to mid-log phase and imaged with a confocal 
microscope. DIC (left) and maximum-intensity projections of Z stacks 
(green and red) are shown. 
(D)  Quantification of cell length at division. Wild-type cells, wild-type 
cells expressing Cdr2p-GFP, wild-type cells expressing Tea1p-Gab-
mCherry, wild-type cells co-expressing Tea1p-Gab-mCherry and 
Cdr2p-GFP, cdr2Δ cells, clp1Δ cells, and clp1Δ cells co-expressing 
Tea1p-Gab-mCherry and Cdr2p-GFP were fixed and stained with 
DAPI and AB. Cells with septa were measured for cell length. Mean 
cell length at septation of each strain from three independent 
experiments is shown (N=50 for each strain in each experiment). Error 
bars show mean standard deviation (STDEV) of three independent 
experiments. 












































3.3.2 Medial targeting of Pom1p leads to G2 prolongation 
 
Pom1p affects mitotic entry by negatively regulating Cdr2p activity and 
possibly restricting Cdr2p to the medial region (Figure 23). However, a 
minor increase of Pom1p-GFP (as opposed to Pom1p-3GFP) in the medial 
region did not affect cell length at division (Pan et al., 2014). Given 
Pom1p primarily localizes to cell poles in interphase cells (Figure 25A), 
whether synthetically targeting Pom1p to the medial region would enhance 
its inhibition on Cdr2p activity to result in a delay in mitotic entry was 
thus investigated.  
 
Cells expressing Mid1p-Gab-mCherry were used for medial targeting of 
Pom1p-GFP, as Mid1p localizes to nucleus and medial cortex during 
interphase in the form of nodes (Figure 1C), which is in close proximity to 
Cdr2p nodes (Akamatsu et al., 2014). As shown by DAPI and aniline blue 
staining (Figure 25B), cells co-expressing Mid1p-Gab-mCherry and 
Pom1p-GFP divided at elongated cell length compared to wild-type cells. 
Pom1p largely localized to the medial nodes, nucleus and mitotic rings in 
these cells, with only a small proportion localized at cell poles (Figure 
25C(i)). It was possible that the ectopic localization of Pom1p in the 
medial region phosphorylated Cdr2p and turned off its activity, consistent 
with previous studies (Martin and Berthelot-Grosjean, 2009; Moseley et 
al., 2009). A kinase-dead allele, pom1-2 (Bahler and Nurse, 2001) was 
targeted to the medial region through the GFP-Gab binding method. 
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Interestingly, although Pom1-2p-GFP also localized to medial region in 
both the nodes and rings in the presence of Mid1p-Gab-mCherry, these 
cells no longer divided at elongated cell length (Figure 25C(ii)). This 
suggests that Pom1p kinase activity is crucial in regulating mitotic entry. 
 
To better assess the effect of G2 prolongation in cells in which Pom1p was 
ectopically targeted to the middle, the cell length at septation was analyzed 
quantitatively in several yeast strains (Figure 25D). Wild-type cells 
expressing only Mid1p-Gab-mCherry or Pom1p-GFP divided at 13~14 
µm. Wild-type cells co-expressing Mid1p-Gab-mCherry and Pom1p-GFP 
divided strikingly at a length of 19 µm in average. However, mitosis was 
not significantly delayed by medial targeting of the kinase dead Pom1-2p-
GFP, which divided at the length of 12.68 µm in average. 
 
My data reveals the potential of Pom1p to function as a direct cell size 
sensor as increased Pom1p localization in the medial region significantly 
delayed G2/M transition. This observation argues against the conclusion 
from Pom1p-GFP v.s. Pom1p-3GFP comparison in Pan et. al.’s work (Pan 
et al., 2014). However, the magnitude of Pom1p concentration in the 
synthetic experiment could be much higher than the natural range of 
Pom1p concentration in the medial region (Pan et al., 2014). Thus, 
although Pom1p might carry the property of a cell size sensor, it primarily 
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functions to assist Cdr2p in size sensing through negative regulation in 
wild-type cells. 
 
Nevertheless, the synthetic manipulation of Cdr2p and Pom1p localization 
at their endogenous expression levels provides direct evidence pertaining 
to the spatial regulation of these two proteins for proper G2/M transition in 
S. pombe cells.  
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Figure 25. Targeting Pom1p to the cell middle leads to G2 prolongation. 
(A) Localization of Pom1p-GFP. Wild-type cells expressing Pom1p-GFP 
were grown to mid-log phase and imaged with a confocal microscope. 
DIC (top) and maximum-intensity projection of Z stacks (bottom) are 
shown. 
(B)  G2 prolongation in cells co-expressing Mid1p-Gab-mCherry and 
Pom1p-GFP. Wild-type cells and wild-type cells co-expressing Mid1p-
Gab-mCherry and Pom1p-GFP  were fixed and stained with DAPI and 
AB, and imaged with an epifluorescence microscope. 
(C)  G2 prolongation upon medial targeting of Pom1p. Wild-type cells co-
expressing Mid1p-Gab-mCherry and Pom1p-GFP or Pom1-2p-GFP 
were grown to mid-log phase and imaged with a confocal microscope. 
DIC (left) and maximum-intensity projections of Z stacks (green and 
red) are shown. 
(D)  Quantification of cell length at division. Wild-type cells expressing 
Mid1p-Gab-mCherry, Pom1p-GFP, both Mid1p-Gab-mCherry and 
Pom1-GFP, Pom1-2p-GFP cells and cells co-expressing Mid1p-Gab-
mCherry and Pom1-2p-GFP were fixed and stained with DAPI and 
AB. Cells with septa were measured for cell length. Mean cell length 
at septation of each strain from three independent experiments is 
shown (N=50 for each strain in each experiment). Error bars show 
mean STDEV of three independent experiments. 








































Figure 25. Targeting Pom1p to the cell middle leads to G2 
prolongation.!
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Chapter IV Discussion 
4.1 Gab-GFP binding based targeting strategy !
In cell biology, it is generally believed that most proteins only function 
physiologically at particular subcellular sites in vivo. After a protein is 
correctly translated and folded, it needs to be transported to a specific site 
so that it has access to its interacting partners. In other cases, proteins are 
excluded from certain parts of the cell so that they do not exert deleterious 
effects on the cell. As cells undergo cell cycles that are either symmetric or 
asymmetric, such spatial restriction of proteins is often coupled with 
temporal regulation, so as to dynamically and precisely turn on / off 
multiple signaling pathways. To globally understand how spatial 
distribution of proteins affect their functions, I set out to develop a protein 
targeting method based on the Gab-GFP binding affinity. 
 
The results in Chapter 3.1.2 (Figure 2) showed that the Gab-GFP binding 
complex preferentially localized to the location of the protein fused to Gab 
in several examples tested. Pairs of proteins that localized to different parts 
of S. pombe cell were analyzed, e.g., Tea1p at the cell poles and Mid1p at 
the medial region. Null mutant phenotypes of mid1 and tea1 have been 
well characterized in previous studies (Bahler et al., 1998; Behrens and 
Nurse, 2002; Mata and Nurse, 1997; Paoletti and Chang, 2000; Sawin and 
Snaith, 2004; Sohrmann et al., 1996). In mid1Δ mutant cells, actomyosin 
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rings were positioned at random sites and angles, which in turn led to 
septum positioning defects. The mid1Δ phenotype was commonly 
observed in wild-type cells co-expressing Tea1p-Gab-mCherry and 
Mid1p-GFP, but not in cells co-expressing Mid1p-Gab-mCherry and 
Tea1p-GFP. In fact, those cells that co-expressed Mid1p-Gab-mCherry 
and Tea1p-GFP exhibited “bent banana” shape phenotype, similar to 
tea1Δ mutant cells. Further analysis revealed that Tea1p maintained its 
localization at the poles in cells co-expressing Tea1p-Gab-mCherry and 
Mid1p-GFP, but diffused all over the cell with some accumulation in the 
medial region in cells co-expressing Mid1p-Gab-mCherry and Tea1p-
GFP. These findings suggested that the Gab fusion might have a stronger 
tendency of remaining at the original subcellular location of the protein, 
which “pulled” the GFP fusion away from its original subcellular location. 
More paired protein fusions would need to be analyzed to test this 
hypothesis. Since mCherry and GFP have similar molecular weight, it is 
possible that the fusion of Gab to mCherry adds up additional mass to the 
protein they are tagged to, making it more stable at the original location. 
On the other hand, GFP tends to form dimers spontaneously, a feature not 
observed with Gab. It is not clear whether and how these differences might 
contribute to a preference of the Gab-GFP binding complex towards the 
location of the Gab fusion. 
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It is important to note that the Gab-GFP based protein targeting method 
might not be an ideal tool to deplete a protein completely from its original 
location. Although there appears to be a preference for the Gab-GFP 
binding complex to localize to the original location of the protein fused to 
Gab, the proportion of the complex localizing to one subcellular location 
versus another still varied case to case. For example, when different GFP 
fusions were expressed together with Tea1p-Gab-mCherry, the 
localization pattern of the binding complexes exhibited different 
distribution profiles (Figure 3). Cells co-expressing either Plo1p-GFP or 
Spg1p-GFP with Tea1p-Gab-mCherry displayed clear localization both at 
the original (SPB) and the adopted (cell poles) locations. However, cells 
co-expressing either Cdc7p-GFP or Sid1p-GFP with Tea1p-Gab-mCherry 
displayed a more diffused pattern with fluorescence detected all over the 
cell (data not shown). Hence, the Gab-GFP binding based targeting 
approach might be more valuable to investigate protein functions that are 
dosage dependent. This approach was then used to understand how cell 
growth was molecularly sensed and measured by S. pombe cells, leading to 
coordinated regulation of G2/M transition. Results obtained from this 
study were presented in chapter 3.3 and will be discussed in chapter 4.3. 
 
For many cellular processes, such as cytokinesis, accumulation of many 
proteins at their subcellular locations is cell cycle regulated. In S. pombe, 
essential cytokinesis components such as formin Cdc12p, type II myosin 
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heavy chain Myo2p and IQGAP related Rng2p are dispersed in the cytosol 
from G1 phase to G2 phase, and only accumulate at the division site when 
cytokinesis commences. Previous work has shown that the accumulation 
of these components follows a temporal schedule (Laporte et al., 2011; Wu 
et al., 2003), although it is unclear if such an order is essential for 
assembly of the cell division machinery. This question was addressed in 
chapter 3.2 through Gab-GFP based synthetic targeting of key cytokinesis 
components to the division site independent of their natural binding 
partners. This strategy helped to investigate several key questions pertinent 
to cytokinesis and have led to important conclusions as well as more open 
questions. Discussed further are the key insights learnt from synthetic 
rewiring studies. 
4.2 Synthetic rewiring studies provided new insights 
into S. pombe cytokinesis 
4.2.1 Gab-GFP binding based strategy is advantageous 
 
From earlier section it is obvious that the Gab-GFP based interaction is a 
useful tool for synthetic manipulation of protein localization. Before 
applying Gab-GFP based approach for medial targeting of Rng2p, a 
conventional method involving direct protein fusion was first tested. 
Cdr2p is a non-essential protein kinase mainly involved in cell size 
sensing. It plays an overlapping role in actomyosin ring positioning and 
localizes to the medial cortex in the form of nodes during interphase in a 
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Mid1p independent manner (Pan et al., 2014; Tagawa, 1980). For this very 
reason, it was chosen as the candidate for medial targeting. The fusion 
protein GFP-Cdr2p-Rng2p was expressed under control of the medium 
strength thiamine repressible nmt1(42) promoter (Figure 4). Although this 
fusion protein formed medial nodes in some cells, it often accumulated 
abnormal aggregates even upon mild overexpression. Cells expressing the 
fusion protein also grew much longer before cell division, indicating a 
compromised Cdr2p function. 
 
On the other hand, Gab-GFP based strategy worked well for medial 
targeting of GFP fused ring proteins. In cells co-expressing Cdr2p-Gab-
mCherry and GFP fusions to Rng2p, Cdc4p, Myo2p, Rlc1p, Cdc15p and 
Cdc12p respectively, all the GFP fusions exhibited distinctive medial 
accumulation in the form of nodes (Figure 5). Furthermore, these cells 
divided at near-normal length, suggesting that Cdr2p function was not 
affected by Gab-GFP binding. The Gab-GFP binding based protein 
targeting strategy has several advantages over the conventional direct 
protein fusion method. Firstly, both the Gab fused protein and the GFP 
fused protein are expressed under control of their native promoters, 
exerting minimal impact on the protein levels in the cell; whereas two 
directly fused proteins are expressed under control of a common promoter, 
resulting in at least one expressed at a different level compared to its 
endogenous promoter. Secondly, both Gab and GFP are shorter peptides 
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compared to many native proteins and hence might exert less impact on 
the proteins they are fused to. Whereas direct fusion of two native 
proteins, such as Cdr2p-Rng2p, might affect their normal functions. More 
importantly, Gab-GFP based strategy can be applied to target multiple 
GFP fusions to the same location in the same cell. Due to easy genetic 
manipulation methods and the availability of GFP tagged library in S. 
pombe, one can target a protein of interest to a desired subcellular location 
once a good Gab fusion candidate is validated. This reduces the trouble of 
constructing and testing many direct protein fusion constructs. 
 
4.2.2 Rng2p and actomyosin ring positioning 
 
Two recent studies showed that the IQGAP related protein Rng2p, an 
essential component of the actomyosin ring, is the key element 
downstream of Mid1p (Laporte et al., 2011; Padmanabhan et al., 2011). 
Rng2p physically interacts with Mid1p and is required for the organization 
of other actomyosin ring components into cortical nodes. Failure of 
localization of Rng2-M1p, a S. pombe Rng2p analog carrying mutations in 
the GRD and the RasGAP-C domains, to the nodes prevents medial 
retention of Mid1p and leads to actomyosin ring assembly in a node 
independent manner at nonmedial locations (Padmanabhan et al., 2011).  
In other words, the rng2-M1 mutant largely resembles the mid1-18 mutant, 
in that the division machinery is no longer placed at the cell center. The 
authors thus concluded that Mid1p recruits Rng2p to medial nodes and that 
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Rng2p, in turn, recruits other components of the actomyosin ring to the 
division site, thereby ensuring correct placement of the division 
machinery. However, it was not clear whether the sole function of Mid1p 
in division site positioning was through recruiting Rng2p. 
 
In the synthetic rewiring study, medial targeting of Rng2p by Cdr2p-Gab-
mCherry in mid1 mutants led to normal cell division, which bypassed the 
function of Mid1p in placing actomyosin ring in the middle (Figure 6). 
This indicates that the function of Mid1p in division site positioning is 
mainly through Rng2p. Earlier it was shown that targeting Mid1p to cell 
poles by Tea1-Gab-mCherry led to septum positioning defects in wild-type 
cells (Figure 2). Thus, I tested if targeting Rng2p to cell poles also led to 
non-medial cell division. Interestingly, wild-type cells co-expressing 
Tea1p-Gab-mCherry and Rng2p-GFP divided normally (data not shown). 
These experiments collectively indicate that Mid1p functions mainly, but 
not solely through recruiting Rng2p to medial cortex for cell division. It 
would be interesting to investigate the “minimal” group of elements 
required to induce non-medial cell division without compromising normal 
Mid1p function. 
 
4.2.3 Order of assembly of node components is not important 
 
Previous work has shown that actomyosin ring proteins assemble into 
cytokinetic nodes in a characteristic order, leading to the hypothesis of a 
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spatial and temporal hierarchy for ring assembly (Wu et al., 2003). 
However, it was unclear if this defined order of execution of ring protein 
recruitment was essential for actomyosin ring assembly. While classical 
genetics and recent advances in fluorescent microscopy had provided a 
framework of the epistasis network in cytokinesis, the current methods are 
rather limited for addressing this question, because loss of function of one 
ring component often leads to collapse of the entire cytokinetic machinery. 
My synthetic targeting based rewiring of division machinery offers an 
excellent tool to investigate this question.  
 
As the current data demonstrates, medial targeting of the more 
“downstream” components, such as formin Cdc12p and type II myosin 
Myo2p, through binding to Cdr2p-Gab-mCherry allows medial division in 
cells lacking Mid1p. This result provides important information on how 
the ring protein complexes can act in a variant order in assembling into an 
actomyosin ring. It is possible that once proteins such as Rng2p, Cdc12p 
and Myo2p are assembled into nodes on the medial cortex, it leads to 
recruitment of other ring proteins to the division site through modular 
interactions among each other regardless of the order in which they arrive 
at the division site. Furthermore, it is possible that in the organization of 
nodes into rings, some proteins participate only in facilitating interactions 
between other molecules, but hence may not be required if such 
interactions can be synthetically established. Future work should test this 
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hypothesis by examining more combinations of ring protein complexes 
through Gab-GFP binding which may suppress the loss of function of 
other ring proteins. 
 
It is not clear at this moment why only medial targeting of Rng2p, Cdc12p 
and Myo2p restored medial ring assembly independent of Mid1p. These 
three proteins are essential components of the division machinery that 
have multiple functional domains and directly interact with multiple 
partners during ring assembly (Chang, 1999; Chang et al., 1997; Eng et al., 
1998; Kovar et al., 2003; Kovar et al., 2005; Le Goff et al., 2000; 
Mulvihill et al., 2001; Mulvihill and Hyams, 2003; Padmanabhan et al., 
2011; Pruyne et al., 1998; Yonetani et al., 2008). It is likely that Rlc1p and 
Myp2p interact with limited numbers of binding partners, and thus might 
not be effective in recruiting all other elements required for ring assembly 
(Figure 11A & Figure 11B). Another possible explanation is that some 
proteins may not be able to fulfill its functions when their inactive 
conformation is precociously targeted to the middle. For example, Cdc15p, 
which needs to be dephosphorylated to an open confirmation for its 
polymerization and scaffolding activity (Roberts-Galbraith et al., 2010), is 
unable to initiate ring assembly when its closed conformation is 
precociously targeted to the middle. In mid1-18 mutant cells co-expressing 
Cdr2p-Gab-mCherry and Cdc15p-GFP at restrictive temperature, Cdc15p 
not being able to establish a narrow band of nodes in the middle (Figure 
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11C) might also account for its inability to induce medial ring assembly 
independent of Mid1p. 
 
4.2.4 Rewired cytokinesis nodes and canonical cytokinesis nodes 
 
A previous study has shown that Mid1p dependent cortical nodes initiate 
medial actomyosin ring assembly in metaphase, but they are dispensable 
for the assembly of orthogonal actomyosin rings in cells in which division 
septum synthesis is blocked (by mutations in the 1, 3-β-glucan synthase 
Cps1p coding gene) (Huang et al., 2008). Other studies have also shown 
that ectopic activation of the septation initiation network (SIN) led to 
formation of actomyosin rings even in interphase cells (Cerutti and 
Simanis, 1999), which was also independent of Mid1p functions (Huang et 
al., 2008). Therefore, a second pathway involving SIN activity allows the 
assembly of orthogonal actomyosin rings, although Mid1p dependent 
cortical nodes is required for timely and medial assembly of actomyosin 
ring. 
 
In this study, it was possible to synthetically rewire cortical nodes for 
medial assembly of actomyosin ring in the absence of Mid1p. These 
rewired nodes are precociously established on the medial cortex, and 
contain other important ring proteins including Rlc1p, Cdc15p and Ain1p 
(Figure 15-20). However, synthetic rewiring was unable to achieve timely 
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ring assembly in metaphase, a feature observed in Mid1p dependent ring 
assembly in wild-type cells. Therefore, the Mid1p based canonical 
cytokinesis nodes (CCN) was compared with the Gab-GFP binding based 
rewired cytokinesis nodes (RCN) in order to understand the delay of 
actomyosin ring assembly in rewired cells.  
 
First of all, the node components of RCN might be different from that of 
CCN. Although it was shown that rewired nodes partially and prematurely 
recruit Rcl1p, Cdc15p and Ain1p to the division site (Figures 15-17), one 
cannot rule out the possibility that some important components (such as 
Cdc4p, Cdc12p and Rng2p) are either missing from or not recruited in 
sufficient amounts to the division site in metaphase. 
 
Secondly, the numbers and the widths of RCN and CCN are likely to 
differ from each other. Cdr2p based RCN form bigger and fewer (30-50) 
dots on the medial cortex (Pan et al., 2014), and establish a wider band 
with a width of approximately 4µm at 24°C and 5-6µm at 36°C (estimated 
from Figure 14 and our unpublished observations). On the other hand, 
Mid1p based CCN contain smaller and more (50-120) dots on the medial 
cortex (Akamatsu et al., 2014; Wu and Pollard, 2005), and form a 
narrower band with a width of 2-3µm at 24°C and 3-4µm at 36°C 
(estimated form Figure 14 and our unpublished observations). The 
differences in the numbers and the widths between RCN and CCN might 
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also contribute to the difference in timing of ring assembly.  
 
Thirdly, ring protein dynamics appears altered in RCN. As was presented 
in chapter 3.2.5.4 (Figure 18), Myo2p turnover in RCN was significantly 
slowed down during metaphase compared to that in CCN during 
metaphase. In fact, our FRAP analysis of GFP-Myo2p in wild-type cells 
expressing Cdr2p-Gab-mCherry revealed a recovery curve (Figure 18B) 
very similar to that of Cdr2p-GFP in wild-type cells published by Kally et. 
al. (Figure 2. Figure supplement 4 in (Pan et al., 2014)). In both 
experiments, a small rectangular shape was drawn to cover half of GFP 
signals for photo-bleaching, and a turnover with a t1/2 of about 3 min was 
observed in both GFP-Myo2p (bound to Cdr2p-Gab-mCherry) and Cdr2p-
GFP. This suggests that Myo2p turnover behaves more like Cdr2p in the 
Gab-GFP binding complex during metaphase, and remains as nodes. By 
contrast, free GFP-Myo2p (in the absence of Cdr2p-Gab-mCherry) had a 
t1/2 of about just 1 min during metaphase when it starts to assemble into 
actomyosin ring (Figure 18A). Therefore, it seems reasonable to speculate 
that Cdr2p-Gab-mCherry, as an additional component in the actomyosin 
ring-assembling network, interferes with the dynamics of existing proteins 
and might affect their ability to assemble into a ring in a timely manner.  
 
The above hypothesis is supported by the “SIN-OFF” experiments (Figure 
14). Upon inactivation of Sid1p or Sid2p, the rewired cytokinesis nodes 
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failed to assemble into actomyosin rings. These experiments and FRAP 
analysis collectively suggest that once the GFP fused ring protein – be it 
Rng2p, Cdc12p or Myo2p – is bound to Cdr2p-Gab-mCherry, it displays 
altered dynamics and only assembles into rings with SIN activity turned 
on, although nodes are formed on the medial cortex similar to those 
established by Mid1p. Future studies should aim at designing better 
candidates for medial targeting that impose minimal impacts on the 
existing cytokinesis network.  
 
4.2.5 Nuclear and division site positions 
 
In addition to the differences discussed above, rewired cytokinesis nodes 
differ from canonical cytokinesis nodes also in their ability to track the 
nuclear position for cell division. In all eukaryotic cell types, the selection 
of divisional site is tightly coupled with chromosome segregation so that 
each daughter cell receives only one copy of the genome.  Although the 
correct positioning of division machinery is achieved by different ways 
among yeast, plants and animal cells, the information of nuclear position is 
translated into signals that guide division site selection in all cases. Fission 
yeast cells have been shown to dynamically track their nuclear positions 
for cell division when normal nuclear positions are artificially perturbed 
through methods like centrifugation or optical micromanipulation (Daga 
and Chang, 2005; Tagawa, 1980; Tolic-Norrelykke et al., 2005). Both 
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wild-type and mid1-18 cells with rewired nodes were unable to divide at 
new locations when the dividing nucleus was repositioned (Figure 21 & 
Figure 22). These results suggest that although rewiring of cortical nodes 
can restore proper ring positioning under normal conditions, Mid1p is key 
in dynamically tracking the nuclear position for cell division. Moreover, 
proper assembly of canonical cytokinesis nodes via Mid1p is essential for 
the coordination of the ring position with that of the nucleus. 
 
This is consistent with previous work on two overlapping mechanisms that 
ensure delivery of Mid1p to the medial cortex for specification of the 
division plane (Tagawa, 1980). During interphase, the majority of the 
Mid1p protein resides in the nucleus, with the rest anchored by Cdr2p to 
medial nodes, which itself is restricted by the negative regulation from cell 
tip factors including Pom1p. In parallel to this pathway, local exit of 
Mid1p from the nucleus is activated by Plo1p kinase at G2/M transition 
and is then positioned at the medial cortex. Upon displacement of the 
nucleus, Mid1p exported from the nucleus establishes a band of cortical 
nodes at the new position and recruits other cytokinetic components into 
the nodes for the assembly of actomyosin rings, whereas Cdr2p remains 
located at the medial cortex until disassembly. However, in rewired cells, 
cytokinesis components are prematurely bound together in the medially 
located rewired nodes, and even when Mid1p establishes a new band of 
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nodes at the new position upon nucleus displacement, these rewired nodes 
remain in the middle and cells divide symmetrically (Figure 22).  
4.2.6 Conclusions on rewiring studies 
 
Synthetic rewiring studies lead to several important conclusions 
(illustrated in Figure 22). Firstly, the defects in division site placement in 
mid1 and plo1 mutants are largely reversed upon medial targeting of the 
IQGAP-related protein Rng2p. This finding is consistent with previous 
genetic epistasis work (Laporte et al., 2011; Padmanabhan et al., 2011), 
which has shown that Rng2p is dispensable for the localization of Mid1p 
to cortical nodes, but is key to the organization of other actomyosin ring 
proteins into cortical nodes. My work further extends this conclusion and 
establishes that the major function performed by Mid1p in actomyosin ring 
positioning is to target Rng2p to the cortical nodes. Surprisingly, my 
experiments reveal that the order of assembly of ring components into 
cortical nodes is not crucial for actomyosin ring positioning, since ectopic 
medial targeting of Rng2p, Cdc12p, and Myo2p can all lead to medial 
division in cells defective in Mid1p and Plo1p function. It is possible that 
proteins such as Rng2p, Cdc12p, and Myo2p, once assembled at the 
division site, lead to recruitment of other ring proteins to the division site 
through modular interactions among each other regardless of the order in 
which they arrive at the division site. Interestingly, rewiring studies have 
led to similar conclusions in Escherichia coli, where premature targeting 
of FtsQ to the division site restored localization of the cell division 
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complex independent of its normal upstream regulators (Goehring et al., 
2005). 
 
While the rewiring studies establish that Mid1p is dispensable for ring 
positioning, provided key ring proteins localize at the division site, these 
experiments also reveal other medial positioning-independent functions of 
Mid1p. The rewired cells, unlike wild-type cells, assemble rings later in 
anaphase and require the septation initiation network for ring assembly. 
Although the rewired cytokinetic nodes are precociously established in 
interphase, and recruit other ring components to close proximity, they are 
more spread on the cortex and are less mobile compared to Mid1p based 
canonical cytokinetic nodes. In addition, the rewired cells assemble 
cytokinetic nodes that do not track the position of the fission yeast nucleus 
for actomyosin ring assembly. Thus, it appears that Mid1p at least 
performs 3 functions pertaining to cytokinesis - marking the medial cortex 
for cell division, promoting timely assembly of actomyosin ring in 
metaphase and dynamically aligning the position of the actomyosin ring to 
that of the nucleus, only one of which is to place the division site in the 
middle of the cell. Future work should dissect the regulating mechanisms 
of each of these functions. 
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4.3 Cell size sensing and G2/M transition 
 
In fission yeast, cell size control is primarily achieved at G2/M transition 
through the regulation of Cdc2p-Cdc13p activity by two feedback loops: a 
negative loop that involves Wee1p and a positive loop that involves 
Cdc25p (Figure 23). In 2009, two independent groups pointed out that the 
DYRK family kinase Pom1p negatively functions upstream of Cdr2p and 
might be the sensor for cell length increase (Martin and Berthelot-
Grosjean, 2009; Moseley et al., 2009). They observed interphase nodes at 
cell medial cortex containing Cdr1p, Cdr2p, Blt1p (another Wee1p 
inhibitor) and Wee1p itself, and identified Pom1p as the key polarity 
factor that restricted node localization at the medial cortex. Because 
Pom1p formed a gradient emanating from the two cell tips, overlapping at 
the medial interphase node region, and deletion of Pom1p led to premature 
G2/M transition, both groups proposed that Pom1p functions as a sensor 
for cell elongation. This model predicts that as cells grow longer, Pom1p 
intensity in the medial node region decreases, releasing its inhibition on 
Cdr2p. Once Cdr2p activity reaches a critical threshold, inhibitory effect 
of Wee1p on Cdc2p is removed which eventually drives mitotic 
progression.  
 
However, two more recent publications challenged Pom1p as a direct 
sensor for cell size (Pan et al., 2014; Wood and Nurse, 2013). Nurse group, 
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who initially proposed the Pom1p sensing model, argued against Pom1p 
being a direct sensor, since cells deleted for pom1 showed unaltered size 
homeostasis compared to wild-type cells. In addition, cells expressing a 
Cdc2p-Cdc13p (Cdk1p-cyclinB) fusion still exhibited normal length at 
separation in the absence of Wee1p or Cdk1p-tyrosine phosphorylation 
(Coudreuse and Nurse, 2010; Navarro and Nurse, 2012; Wood and Nurse, 
2013), suggesting the existence of size sensing mechanisms that are 
entirely independent of Cdk1p-tyrosine phosphorylation. On the other 
hand, Kally et. al. showed that Cdr2p, instead of Pom1p, acted as the 
direct sensor for surface area in the Cdr2p-Wee1p-Cdk1p pathway. Their 
argument was that Pom1p medial intensity did not decrease as the cell 
grew longer, but that Cdr2p medial node number and total intensity were 
correlated with cell growth (Pan et al., 2014). 
 
In this study, mistargeting Cdr2p to non-medial region without altering its 
expression level induced a prolonged G2 phase. However, combining 
Cdr2p mistargeting with clp1Δ did not significantly delay G2/M transition 
(Figure 24). These data support the new model proposed by Kally et. al., 
in that medial Cdr2p nodes functioned as a read-out for cell growth. These 
results also reveal the complexity and redundancy of multiple size sensing 
inputs in regulating G2/M transition. In addition, I found that pulling 
Pom1p to the medial region also induced a prolonged G2 phase, but not by 
pulling kinase dead Pom1-2p (Figure 25), which by itself divided only at 
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slightly shorter length. Although my data supports the property of a cell 
size sensor carried by Pom1p, it is unlikely a direct sensor in wild-type S. 
pombe cells, because medial Pom1p concentration varies little during cell 
elongation (Pan et al., 2014),  
 
Surprisingly, cell length at separation in cdr2Δ cells (17µm) was much 
shorter than that of cells in which Cdr2p (19µm) or Pom1p (19µm) was 
mistargeted (Figure 24C and Figure 25C). One possible explanation is that 
Cdr2p, as a cell size sensor, negatively feeds back to other size-sensing 
pathways, and therefore when Cdr2p is completely absent, other pathways 
become more sensitive to change in cell size. However, when Cdr2p is 
expressed at normal levels and mistargeted, the other size-sensing 
pathways might still be functioning at lower levels, misguiding the cell to 
rely on medial Cdr2p intensity as the read-out for cell size. More 
experiments need to be carried out to test this hypothesis as well as to 





Chapter V Future directions 
5.1 Building a protein targeting library based on 
Gab-GFP binding !
The development of a new protein targeting strategy based on Gab-GFP 
binding has shown great power in unraveling cellular mechanisms that 
involve delicate spatial and temporal regulations. It would be valuable to 
the cell biology communities in yeast as well as other organisms to build a 
library for protein targeting for specific subcellular locations. 
 
First, housekeeper proteins that localize to different organelles could be 
tagged with Gab for targeting of proteins fused to GFP. This allows 
analysis of protein functions in specific organelles. For example, the 
spindle pole body (SPB) is where the components of the septation 
initiation network (SIN) are located. During anaphase, the SPB is 
duplicated, with two of its components (Cdc7p and Sid1p) localizing 
asymmetrically to the new SPB. The establishment of asymmetry as well 
as the hyperphosphorylation of the SIN scaffold protein Cdc11p is crucial 
for proficient SIN activity (Feoktistova et al., 2012). Singh et. al. (Singh et 
al., 2011) proposed that the SIN-inhibitory PP2A complex (SIP) regulates 
Cdc11p dephosphorylation which in turn leads to recruitment of Byr4p, a 
component of the GTPase-activating subunit for Spg1p, to the SPB. These 
events are thought to be among the earliest steps in the establishment of 
SIN asymmetry, but many questions remain unsolved. It is not clear how 
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the components of SIP function in relative stoichiometry, and how SIP 
asymmetry itself is established. Despite the disruption of asymmetry in 
Cdc7p and Sid1p localization, mutant cells defective in SIP function are 
viable, unlike byr4Δ and cdc16-116 mutants. Therefore, it would be of 
interest to investigate complimentary mechanisms that regulate SIN 
asymmetry such as the SPB localization of Byr4p. Fusing Gab and GFP to 
SIP components, Spg1p, Cdc7p, Sid1p and Byr4p respectively in various 
combinations might provide us synthetic ways to turn on / off SIN 
asymmetry, allowing more detailed analyses on the functions of these 
proteins as well as how the old and new SPBs are differentiated.  
 
Meanwhile, it is useful to optimize Gab as a protein targeting tool. The 
current version of Gab is 119aa in length, which might be optimized to 
even shorter length. An integration vector for endogenous N-terminal 
tagging of Gab to a protein of interest shall also be constructed using a 
method described for endogenous N-terminal tagging in Neurospora 
crassa (Lai et al., 2010). These measures should further minimize the 
impacts of fusing Gab to the candidate protein.  
 
5.2 Identification of functional epistasis groups in 
fission yeast cytokinesis !
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My synthetic rewiring studies have shown that Mid1p is dispensable for 
medial cell division provided one of its downstream binding partners, 
Rng2p, Cdc12p or Myo2p, is targeted to the medial cortex as nodes. These 
results suggest that in the organization of nodes into rings, some proteins 
might function only as links for interactions between other molecules, but 
might not be required if such interactions can be synthetically established. 
Future work should test this hypothesis by examining more combinations 
of ring protein complexes through Gab-GFP interactions. 
 
Earlier it was shown that targeting Mid1p (Figure 2), but not Rng2p or 
Cdc12p (Figure 3B), to cell poles by Tea1p-Gab induces positioning 
defects. In the future, co-expression of Tea1p-Gab and more than one 
cytokinesis proteins fused to GFP shall be analyzed to check if this permits 
ring formation at non-medial sites. This would allow us to further 
understand the “minimal” functional group of proteins required for ring 
assembly. A previous study has generated a mutant rng2-M1 that behaves 
like mid1-18 mutant at restrictive temperature (Padmanabhan et al., 2011). 
Since Rng2p has multiple functions such as bundling activity for actin 
filaments, it would be interesting to analyze if medial targeting of Cdc12p 
or Myo2p rescues rng2-M1 mutant as well; and if not, whether rescue can 
be achieved by targeting other ring proteins that have overlapping 
functions, such as Rng2p binding partner Cdc4p or actin cross-linkers 
Ain1p and Fim1p (Wu et al., 2001).  
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Other epistasis group analyses should focus on the functions of different 
myosins in fission yeast. For example, premature localization and 
activation of Myp2p, a myosin II heavy chain protein that is only required 
under specific nutritional conditions, might substitute the function of 
Myo2p, perhaps in combination with overexpression and alteration of 
nutritional environment.  
 
Another interesting phenomenon during cytokinesis is the disassembly of 
Mid1p from the actomyosin ring before ring constriction, while all other 
ring components including redundant proteins stay in the ring network 
until ring constriction completes. It is not clear if there is a physiological 
significance for Mid1p to be disassembled from the actomyosin ring. 
Therefore, it might be worth analyzing cells in which Mid1p is artificially 
retained in the ring throughout cytokinesis via Gab-GFP targeting method, 
for instance, by co-expressing Rlc1p-Gab and Mid1p-GFP. 
 
5.3. Identification of specific Mid1p interacting sites 
and their binding partners using genetic code 
expansion strategy !
Studies presented in this thesis reveal multiple functions of Mid1p in 
cytokinesis, including organizing medial cytokinesis nodes for cell 
division, promoting timely assembly of actomyosin ring in metaphase and 
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dynamically coordinating nuclear and actomyosin ring positions. Although 
medial Rng2p, Cdc12p or Myo2p individually rescues the position of 
actomyosin rings, these rings assemble later in mitosis. To ensure timely 
assembly of rings in metaphase, physical interaction of Mid1p with one or 
more ring proteins is essential. Therefore, proteomic approaches are 
necessary to identify proteins that directly and specifically bind to Mid1p 
in early mitosis for ring assembly. 
 
A previous study has shown that a “mini-Mid1p” encoding amino-acids 1-
100 and 400-800 is sufficient to perform all Mid1p functions (Nestle et al., 
2003). It is important to identify proteins that directly interact with mini-
Mid1p in fission yeast. A genetic code expansion approach previously 
described in other organisms (Grunbeck et al., 2011; Sato et al., 2011; 
Yanagisawa et al., 2012) might help to identify such interactions. This 
method is preferred because by introducing individual cross-linking amino 
acids to specific locations in mini-Mid1p, only proteins that directly 
interact with mini-Mid1p will be covalently cross-linked and identified. M 
colleagues have already succeeded in expanding the genetic code of 
fission yeast so as to introduce unnatural amino acids such as 
azidophenylalanine, which can be cross-linked. Future work shall first 
identify versions of mini-Mid1p that can support normal ring assembly 
while original amino acids are replaced with unnatural amino acids. 
Metaphase-arrested cells expressing these functional mini-Mid1p should 
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then be exposed to UV light to cross-link the binding partners. Mini-
Mid1p together with its covalently cross-linked proteins will be purified 
and identified, revealing direct interacting partners and their binding sites 
during metaphase. Alternatively, one can express mini-Mid1p in E. coli 
and search for interacting proteins from S. pombe lysates by mass 
spectrometry. Proteins that are found to directly interact with Mid1p shall 
be further characterized for their roles in ring assembly during metaphase. 
 
5.4 Examining Cdr2p as a direct cell-size sensor !
My current work supports the existing models that describe Cdr2p as a 
read-out for cell growth in S. pombe cells (Figure 20), although these 
models disagree on whether Cdr2p or Pom1p acts as the direct sensor for 
cell growth. Interestingly, Wood and Nurse (Wood and Nurse, 2013) 
showed that Pom1p was not required for cell size homeostasis, making it 
unlikely a direct size sensor. Future work should test Cdr2p as a direct size 
sensor using the same criterion as described in this work. Briefly, cdr2Δ 
cells and cells co-expressing Tea1p-Gab-mCh Cdr2p-GFP should be 
quantified for cell size variability at division. If Cdr2p functions directly as 
a size-sensor, an increased variability would be expected. In fact, future 
work should measure the ratio of size at division / Cdr2p medial intensity 
in cells co-expressing Tea1p-Gab-mCh Cdr2p-GFP. 
 
! 150!
 In addition, a requirement of Cdr2p for size homeostasis can be tested by 
incubating WT and cdr2Δ cells with hydroxyurea and measuring the cell 
size at successive cell divisions. Hydroxyurea is a DNA replication 
inhibitor that arrest cells in S phase, leading to a elongated cell length of 
20-26 µm. In the previous study, WT cells released from Hydroxyurea 
arrest divided at progressively smaller sizes and recovered to their normal 
size within 2 cell cycles. This suggests the presence of an effective 
homeostatic size correction mechanism in WT cells. If Cdr2p were directly 
involved in cell size sensing, we would expect a slower rate of recovery to 
a normal size. 
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